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Solid oxide fuel cells (SOFCs) are gaining interest as a radical electrochemical power generation 
device for commercial and industrial applications. This way of electricity generation is much more 
efficient, environmentally compatible, and economically viable as compared to conventional methods 
of power generation from fossil fuels.  
However, the main obstacle for the practical application of SOFC technology is its high operating 
temperature (≥ 800 C). These high operating temperatures lead to the long-term stability of cells, 
poor sealing problems, slow start-up/shut-down procedures and require expensive interconnect 
materials to tolerate high temperatures. Lowering the operating temperature to 500-750 C is 
considered a practical approach to mitigate these issues and has attracted extensive research interests 
in recent years. To date, cobalt-based perovskites are regarded as benchmark cathodes for 
intermediate-temperature SOFCs (IT-SOFCs) due to their high oxygen reduction reaction (ORR) 
activity. However, the much higher cost of cobalt; chemical incompatibility; poor thermal expansion 
coefficient (TEC) mismatch with conventionally used electrolytes and high CO2 susceptibility 
impedes their use for practical IT-SOFCs. The development of cobalt-free cathodes such as SrFeO3-δ 
(SF) is paramount to the practical application of the IT-SOFC technologies. However, the sluggish 
catalytic performance of the iron-based electrode towards ORR activity at IT is a persistent concern.     
Therefore, this thesis aims to circumvent the significant challenges of cobalt-free perovskite cathode, 
including sluggish ORR activity and poor CO2 tolerance for SOFC operating at 700-500 C, by 
incorporating alkali metal ions into the Sr(Fe, Nb, Ta)O3-δ lattice. This project also investigates the 
doping effects of the alkali metal dopants and their roles in ORR efficacy in the presence of CO2. The 
knowledge and insights generated from this thesis project contributed to the understanding of doping 
effects in perovskite electrode materials. A new avenue is presented to produce IT-SOFC cathode 
materials by in-situ dopant diffusion and formation of molten carbonate at the surface.  
In the first part of the experimental section, we investigated the doping effect of monovalent alkali 
metals on ORR activity. We synthesized the cobalt-free Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= Li, Na, and 
K) cathodes for the application of LT-SOFCs. The optimized 5 mol% substitution of Li+ for Sr2+ host 
stabilizes the cubic perovskite structure. It leads to a cathode performance that is significantly higher 
than Na- and K- doped cathodes, with an ASR as low as  0.12 Ω. cm2 and a maximum power density 
of 1.02 W.cm-2 using an SDC electrolyte at 600 C. Additionally, the CO2 tolerance of the alkali 
metal-doped cathode materials is also boosted by more than four times than the pristine SFNT. This 
arises due to the higher O2 partial pressure during in-situ alkali carbonation at the surface of the 
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cathodes. This part of the experimental work demonstrates the decisive role of alkali carbonate and 
directs our experimental interest towards the molten alkali carbonate.  
In the second part of the experimental section, we focused on the co-substitution of alkali metals in 
pristine SFNT and in-situ formation of molten carbonate at the surface of cathode materials. We 
developed the binary alkali metals doped Sr0.95(x,y)0.05Fe0.8Nb0.1Ta0.1O3-δ (x, y = Li, Na, K), and 
proposed surface tailoring mechanism to enhance the ORR activity and CO2 tolerance of synthesized 
cathodes at 600 C. Our novel perovskite cathode Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3-δ (S(LK)FNT) 
exhibited a superior ORR activity, with the lowest ASR ever reported for cobalt-free iron-based 
cathodes. This new cathode satisfies the targeted ASR requirement of  0.1 Ω.cm2 at 600 C for 
practical SOFC cathodes. The outstanding cathode performance of the S(LK)FNT both in air and in 
10 vol.% CO2 air mixture and outweigh performance recovery upon CO2 removal is attributed to the 
improved O2- ions conductivity through the percolated carbonate network around the grain boundaries 
of cathodes.  
The objective of the third part was to fabricate the composite cathode by infiltrating the La2NiO4+ 
(LNO) onto the S(LK)FNT cathode backbone. The ORR performance of the core-shell composite 
cathode is evaluated at intermediate temperature. A 5 wt.% infiltration of LNO oxide not only 
improves the CO2 tolerance of S(LK)FNT backbone cathode but also enhances the ORR activity of 
overall cathode. The infiltrated LNO leads to a 40% decrease in ASR and a 30% improvement of CO2 
tolerance at 600 C. This remarkable improvement is attributed to the synergistic effects of an 
improved oxide ionic conductivity and surface charge transfer kinetics by extending the TPBs. 
Overall, this work has proposed a rational strategy in developing a robust and highly efficient cobalt-
free cathode material for low-temperature SOFC applications. The outcomes of this project could also 
benefit other key industrial applications such as high-temperature oxygen separation and high-
temperature electrolysis.   
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Chapter 1 Introduction 






From the start of the industrial revolution, fossil fuels are the main energy source to meet energy 
demands. This brisk pace of burning fossil fuels not only contributed to the drastic change of climate 
conditions through the emissions of massive greenhouse gases such as carbon dioxide (CO2), sulfur 
dioxide (SO2), etc. but also led to the depletion of fossil fuel reservoirs in the near future 1. In this 
context, geothermal, wind, and solar are considered the most alternative energy sources; however, the 
intermittent nature of these renewable energies requires the development of efficient technologies for 
their storage and perpetual use 2, 3. 
Fuel cells (FC) are gaining interest as a radical electrochemical power generation device for 
commercial and industrial applications from a variety of fuels. This way of electricity generation is 
much more efficient, environmentally compatible, and economically viable as compared to 
conventional methods of power generation from fossil fuels. A fuel cell produces electricity directly 
from the electrochemical reaction of gaseous fuels with oxygen without involving the combustion 
process, hence limits the lowest emission of greenhouse gases. Another added feature of the fuel cell 
is that unlike the conventional power generators, it does not undergo the intermediate conversions 
(Carnot-cycle) and its efficiency is independent of size. These days, fuel cell use as portable auxiliary 
power generators, make it practicable for automotive and space applications 4, 5. 
Solid oxide fuel cell (SOFC) is one of the most promising especially because of its high fuel 
conversion efficiency. SOFC characterizes as an all-solid-state cell and operates at high temperatures 
(600-1000 oC) with almost zero emission of NOx, SOx, and particulate matters due to the pre-treatment 
of SOFC fuel. SOFC utilizes a wide range of traditionally available fuels, such as natural gas, 
hydrogen, reformed diesel, gasoline, and gasified carbonaceous solids (municipal waste). Other 
inherent advantages of SOFC include: (i) simple working operation that only involves solid and gas 
phases (ii) high fuel efficiency; (iii) ease of integration with other technologies such as gas turbines 
and gasification systems; and (iv) no precious metals are required for catalysis reactions 6, 7. In the 
light of these advantages and exceptionally high conversion efficiency of ~50-65%, SOFCs offer a 
promise as an alternative source of stationary power generations 8, 9.  
The main obstacle for the practical application of SOFC technology is the high operating temperature 
(≥ 800 oC) that leads to challenges such as high operation cost, long-term durability, and slow start-
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up/shutdown procedures. Consequently, the development of SOFCs that operate at lower 
temperatures (500-750 oC) is considered as a practical approach to mitigate these issues and attracts 
the extensive research interest in recent years 10.  
 However, at low operating temperatures, the slow oxygen reduction reaction (ORR) kinetics of 
electrodes, decreased oxygen ion permeability through electrolyte membrane and high susceptibility 
of electrodes to CO2 poisoning leads to an increase in interfacial polarization resistance (RP), and thus 
a degraded power density and fuel efficiency of IT-SOFCs 11-13. To date, the oxygen reduction activity 
at cathodes is the main controlling step that limits the overall cell performance at reduced 
temperatures. Therefore, it is crucial to develop highly stable and robust cathodes with much 
enhanced electrocatalytic activity towards ORR for medium-to-low temperature SOFCs.              
1.2 Scope and research objectives 
This project aim is to develop novel cobalt-free cathode materials showing high electrocatalytic 
performance towards ORR activity and enhanced resistance to CO2 poisoning for LT-SOFC 
application. The specific objectives to be achieved by this study include:  
 Development of highly efficient and durable cobalt-free cathode materials based on SrFeO3-δ 
(SF) parent oxide for LT-SOFC by doping monovalent alkali metals (Li, Na, K) with Sr (A-
site). 
 Investigation of effects of alkali metal dopants on ORR-related properties such as 
crystallography, conductivities, oxygen vacancies, and electrochemical properties of SF-
based perovskite oxides.  
 Improving the tolerance of synthesized cathode materials towards CO2 poisoning at a 
temperature below 650 oC and to investigate the underlying mechanisms.  
 Enhancing the ORR activity and CO2 resistivity of the cathodes by the development of 
composite cathode materials.  
1.3 Significance of research      
This thesis aims to circumvent the major challenges of cobalt-free perovskite cathode including 
sluggish ORR activity and high susceptibility to CO2 for SOFC operating at 500-700 oC, by 
incorporating alkali metal ions into the Sr(Fe, Nb, Ta)O3-δ lattice. This project also investigated the 
doping effects of the alkali metal dopants and their roles in ORR efficacy in the presence of CO2. The 
knowledge and insights generated from this thesis project contributed to the understanding of doping 
effects in perovskite electrode materials and offered a new avenue to advance the cathode materials 
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for LT-SOFCs by in-situ dopant thermal diffusion and formation of molten carbonate at the surface. 
The outcomes from this project could also benefit other key industrial applications such as high-
temperature oxygen separation and high-temperature electrolysis.   
This dissertation consists of eight chapters, including the introduction of fuel cells and conclusion 
and future recommendations. Each chapter presents an independent article and arranges such a way 
that every proceeding chapter logically follows the previous one. It is tried to avoid repetition 
especially in the literature review (chapter 2) and experimental methodology (chapter 3) chapters but 
some reiteration is unavoidable. Chapters 4 to 7 explain the experimental results and discussion of 
various cathode materials, out of them some have been published or submitted.  
The details of each chapter are as follows;   
1.4 Structure of the thesis 
Chapter 1. Introduction 
Chapter 1 gives a brief background of fuel cells, SOFC, and outlines the scientific scope and 
objectives of this research thesis.  
Chapter 2. Literature review 
Chapter 2 summarize the overview of SOFCs, recent cathode materials development for LT-SOFCs. 
Fundamentals of ORR activity at the cathode surface, influence of alkaline metals on cathode 
performance at low temperatures, and CO2 poisoning mechanism. This chapter also discusses the 
strategies to enhance the electrocatalytic activity and CO2 tolerance.      
Chapter 3. Experimental Section  
Chapter 3 describes the sample synthesis methods, physical characterization techniques, and 
electrochemical measurement setups that were applied in this thesis project.   
Chapter 4. Enhancing oxygen reduction reaction activity and CO2 tolerance of cathode for low-
temperature solid oxide fuel cells by in-situ formation of carbonates 
In chapter 4, we substituted the divalent Sr2+ metals with monovalent alkali metals and synthesized 
cobalt-free Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= Li, Na, and K) cathode materials and investigated their 
ORR performance at low-temperatures below 650 C. Our experimental results revealed that 
electrocatalytic activity of Li-doped SFNT (SLFNT5) cathodes surpass all tested cathodes. The ORR 
activity leads to an area-specific resistance (ASR) as low as  0.12 Ω. cm2 in symmetric cell test and 
maximum power density of 1.02 W.cm-2 in Ni-SDC based single-cell configuration at 600 C. 
Additionally, the CO2 tolerance of alkali metal-doped cathode materials is also boosted by more than 
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four times than pristine SFNT that ascribed due to the relatively higher O2 partial pressure during in 
situ alkali carbonation at the surface of cathodes.    
Chapter 5. Unveiling lithium roles in cobalt-free cathodes for efficient oxygen reduction 
reaction below 600 °C  
In chapter 5, a comparative study of Sr1-xLixFe0.8Nb0.1Ta0.1O3-δ (x= 0 - 0.1) investigated the doping 
effect of small Li+ cation on the electrocatalytic activity for ORR. The experimental results revealed 
that the molar concentration of  Li  0.05 not only stabilized the cubic perovskite structure but also 
improved the ORR activity of perovskite oxides over 1.6-fold in both symmetric cell and anode 
supported single-cell configurations below 600 C. This comparable electrocatalytic performance of 
the synthesized iron-based electrode is attributed to the lower electronegativity and smaller ionic size 
of Li dopant compared to Sr2+ host that generates oxygen vacancies and A-site deficiencies in the 
bulk, respectively.  
Chapter 6. Tailoring the perovskite oxide interface with molten alkali carbonate for enhancing 
the CO2 tolerance and electrocatalytic activity of cobalt-free hybrid cathode at low temperature.  
Chapter 6 focused on the co-substitution of alkali metals in pristine SFNT and in-situ formation of 
molten carbonate at the surface of cathode materials. We developed the binary alkali metals doped 
Sr0.95(x,y)0.05Fe0.8Nb0.1Ta0.1O3-δ (x, y = Li, Na, K), and proposed surface tailoring mechanism to 
enhance the ORR activity and CO2 tolerance of synthesized cathodes at 600 C.  Our novel perovskite 
cathode Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3-δ (S(LK)FNT) exhibited superior ORR activity, with the 
lowest ASR ever reported for cobalt-free iron-based cathodes, satisfying the targeted ASR 
requirement of  0.1 Ω.cm2 at 600 C for practical application of SOFC cathodes. Almost five times 
higher stability of S(LK)FNT cathode than pristine SFNT to CO2 containing air mixture and outweigh 
performance degradation recovery upon CO2 removal signifies the role of molten alkali carbonate 
network around the grain boundaries of cathodes that provides an extra pathway for O2- ions 
conductivity.  
Chapter 7. A versatile La2NiO4+ infiltrated core-shell structured cathode for promising CO2-
tolerance and electrochemical activity at intermediate temperature.  
In chapter 7, we fabricated the composite cathode by infiltrating the efficient charge conductor 
ceramic oxide La2NiO4+ (LNO) on S(LK)FNT substrate and evaluated the electrocatalytic 
performance of the composite cathode at intermediate temperature. A 5 wt.% of LNO infiltration not 
only improves the CO2 resistance of core cathode but also enhance the ORR activity of overall 
cathode. The infiltrated LNO leads to a 40% decrease in ASR and an over 30% better CO2 tolerance 
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at 600 C. This remarkable improvement likely arises from the synergistic effects of high oxide ionic 
conductivity and surface charge transfer activity that promoted due to the extended active surface 
area (triple-phase boundary) for ORR.      
Chapter 8: Conclusions and Recommendation  
This chapter summarizes the findings of cathode materials for low-temperature solid oxide fuel cells 
that presented in the previous experimental chapters and further it identifies the research gaps for the 
future work. 
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 Literature Review 
 
 
This chapter will cover the existing literature about progress in the field of SOFC, its operating 
principles, and followed by a review of the crystal structure of cathode materials. Components of 
SOFC such as electrolyte, anode, and cathode will be discussed briefly; however, more emphasis will 
be given to cathode materials because catalytic performance, stability, and CO2 susceptibility at 
intermediate temperature (IT) is the main area of focus in this report.   
2.1. Solid Oxide Fuel Cell (SOFC) 
Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy of the fuel 
to electrical energy without undergoing the thermal combustion of fuels 1. SOFC consists of dense 
solid ceramic oxide electrolyte, which sandwiches between porous anode and cathode as shown in 
Figure 2-1. Continuous supply of fuel and air is fed at anode and cathode, respectively. Oxygen 
molecules in air feed accept electrons, which are cycled from load via an external channel, reduced 
to oxygen ion (O-2) at the triple phase boundary (TPB) of cathode, electrolyte and air. These O-2 ions 
pass through the electrolyte, which conducts only oxygen ions and insulates the conduction of 
electrons, and reacts with fuel (carbon monoxide and hydrogen ions) to form H2O and CO2 molecules. 
Whereas, fuel (e.g. hydrogen gas) is oxidized at anode via oxidation reaction and release electrons 2-
4.  The reaction occurs at two electrodes and the overall reaction for SOFC are given below; 
 
At cathode reduction reaction 
 
                                        O2 + 4𝑒
−           →   2 𝑂−2                             (2.1)     
 
At anode oxidation reaction 
 
       2H2 + 2O
−2      →    2𝐻2𝑂 + 4𝑒
−                   (2.2)  
 
Overall reaction  
 
      2H2 + 𝑂2            →    2𝐻2𝑂                                (2.3)  
 
The electrons generate at an anode oxidation reaction (Eq. 2.2) travel through an external circuit and 
reduce oxygen (Eq. 2.1) after passing through load appliances.   
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Figure 2-1: A schematic operational diagram of SOFC 4. 
The dense solid electrolyte, porous anode, and cathode are made of different metal oxides, so an 
overview of typical materials and their properties is given for these components.   
2.1.1. Electrolyte 
A good oxide ion conducting electrolytes should have the following characteristics: 
 An excellent conductor of oxide-ions and negligible electronic conductivity and must be fully 
dense to prevent the gas crossover 
 High chemical, phase, mechanical and thermal stability in oxidizing and reducing 
atmospheres 
 Electrolyte thickness contributes to cell ohmic resistance, so ceramic electrolyte thickness 
should be minimum 
 Thermal expansion must match with adjoining cell components  
Fluorite structured zirconia-based material, yttria-stabilized zirconia (YSZ), is one of the oldest and 
conventional electrolytes in SOFC due to its stabilized cubic structure and pure superior ionic 
conductivity at high temperature (900-1000 oC) 5-7. However, substantially bigger grain sizes after 
calcination and comparatively lower ionic conductivity of YSZ than ceria-based (i.e. SDC, GDC), 
bismuth-based, and lanthanum gallates-based electrolytes, as shown in Figure 2-2, impede its use for 
intermediate temperature SOFCs (600-800 oC) 8-9. Although Scandia stabilized zirconia (SSZ) offered 
much higher ionic conductivity at lower temperatures, but its structural stability and chemical 
reactivity with lanthanum (La) and strontium doped electrode materials are questionable 10-11. 
Zirconia reacts with La and forms a highly resistant La2Zr2O7 secondary phase at the interface which 
limits the O-2 ions conductivity through electrolyte membrane 12.  
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Figure 2-2: A comparison of Arrhenius plots of ionic conductivities of various electrolyte materials as a function 
of temperature. Reprinted with permission from Ref. 8. Copyright 2017 Wiley 8. 
Lanthanum gallate (LaGaO3), a perovskite structure is considered another alternative solid electrolyte, 
which exhibited higher ionic conductivity than YSZ, a well-matched thermal expansion coefficient 
(10-12 × 10-6 K-1) as well as chemical compatibility with lanthanum-based electrolytes over a wide 
range of temperatures and oxygen partial pressure 13-14. Substituting Sr2+ for La2+ and doping Mg2+ 
into the gallium sub-lattice increases the oxygen vacancy concentration and ionic mobility of (La, 
Sr)(Ga, Mg)O3-δ (LSGM) in the range of  0.1 ≤ x ≥ 0.20 and 0.15 ≤ y ≥ 0.20 15. However, the higher 
cost of Ga, reduction of Ga valence (Ga3+ to Ga2+) in reducing environment and formation of 
undesired La2NiO4 phases at Ni anode interface are the major challenges for practical use of LSGM 
as electrolyte 16.  
Among ionic conducting oxides, fluorite structured δ-Bi2O3 showed a particular interest and 
possessed the highest ionic conductivity of ~ 1 S cm-1 among all reported SOFC electrolytes at 
temperatures 800 oC 10, 17-18.  However, upon cooling below 730 oC, the beneficial conductive δ-phase 
transform to the monoclinic α-Bi2O3 phase, which substantially deteriorates the ionic mobility of 
electrolyte material. Therefore, the δ-phase of bismuth oxide could be stabilized by doping 28-50 
mol% of oxides such as Dy2O3, Gd2O3, Er2O3, Ln2O3, etc 19-22.   
Ceria-based oxides stabilized by Gadolinium (Gd) and Samarium (Sm) have been extensively 
investigated as an alternative electrolyte for IT-SOFCs due to their high ionic conductivity, lower 
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activation energy and thermal compatibility with interconnecting materials 23. Although the phase 
transformation of ceria doped ceramic oxides is comparatively negligible, the reduction of ceria ions 
from Ce4+ to Ce3+ is the main drawback in low oxygen partial pressure (pO2 ≈ 19-110 atm), that 
creates high electronic conduction within solid electrolyte especially at high temperature. This mixed 
electronic-ionic conduction lowers the open-circuit voltage (OCV) and subsequently drops the cell 
performance due to the short-circuiting of cells. 12, 24-27. The poor sinterability is also another issue 
for the ceria-based electrolyte. These problems can be resolved by applying the thin YSZ or SSZ 
layers between SDC/GDC electrolyte and Ni anode to avoid direct contact with fuels 28.     
Recently, two-phase ceria-carbonate composite electrolytes are investigated as potential electrolytes 
that enhance oxide ionic conductivity and fuel cell performance at low temperatures (400-600 oC)29-
32. This improved ionic conduction of composite materials is attributed to the co-ionic mobility of 
CO32-, O-2, and alkali metals ions such as (Li+, Na+, K+) that contributed to the formation of oxygen 
vacancies in the lattice 33-34. Asghar et al. developed ceria-nanocomposite (CN) electrolyte materials 
by doping of (NLK; Na2CO3, Li2CO3, K2CO3) through a novel freeze-dried (FD) method and 
demonstrated the stable superior ionic conductivity of ~ 0.44 S cm-1 and ~ 1.1 W cm-2 power density 
for a 35:65:: NLK: SDC ratio of nanocomposite under fuel cell conditions at 550 oC 34.  
2.1.2. Anode Materials                  
At the anode, electrochemical oxidation of fuel take place, the characteristics of an efficient anode 
that operates at intermediate temperature should have:  
 Good porosity for the diffusion of fuels to the anode - electrolyte interface 
 Better tolerance for sulfur impurities and carbon deposition  
 High Ionic and electronic (typically ~100 S cm-1) conductivities  
 Chemical, and mechanical compatibility with adjoining components such as electrolyte, 
interconnector over a wide range of temperatures 
 Thermal expansion coefficient (TEC) match with electrolyte materials in both reducing and 
oxidizing environments  
For conventional fuel cells, Ni-YSZ cermet is regarded as an efficient fuel electrode due to its 
relatively higher electronic and ionic conductivities and good thermal compatibility with YSZ 
electrolyte 35. Fuel oxidation reaction takes place at the TPB  region, where the electrolyte, Ni, and 
H2 fuel are met 36. Therefore, the superior catalytic performance of Ni-YSZ cermet compared to the 
pure Ni electrode is attributed to the extended TPB zone, contributed by the YSZ phase, which 
consequently enhanced the oxidation reaction kinetics of fuels at active sites, besides, to suppress the 
Ni grain growth in reducing (H2) atmosphere. However, Ni-anode experiences the main challenges 
Chapter 2 Literature Review 
11 | P a g e  
 
of carbon coking and strong adsorption of sulphur impurities present in hydrocarbon fuels, resulting 
in performance degradation of Ni containing electrodes. Carbon coking can be prevented by 
supplying 3 vol.% humidified fuel or by replacing Ni with other transition metals such as Cu, Cr, 
which are less reactive for carbon deposition 37-38.  
Recently, the idea of replacing the YSZ with ceria-based electrolytes such as SDC, GDC is gaining 
interest to develop efficient anode materials for LT-SOFCs 39. The advantages of Ni-GDC cermet 
include: ceria-based ceramic oxides resist the carbon deposition on Ni surface, and these materials 
offer good chemical and thermal compatibility with ceria-based electrolytes and interconnectors. 
Surface decoration of ceria-based electrodes with pure metal oxide nanoparticles was also reported 
beneficial to surpass the electrochemical performance of LT-SOFC anodes 40. A comparison of Ni-
SDC electrodes impregnation with various nanoparticles oxides are presented in Table 2-1.  










Ni-SDC SDC LSCF 600 750 H2 40 
Ni-SDC SDC BSCF 650 494 H2 41 
Ni-GDC GDC LSCF 650 492 3% H2O-H2 42 
Ni-GDC GDC SSC-GDC 600 220 3% H2O-H2 43 
Fe0.25Co0.25Ni0.5 
(FCN)-SDC 
SDC SSC-SDC 600 751 3% H2O-H2 44 
CeO2-Ni-SDC SDC SSC-SDC 600 767 3% H2O-H2 45 
Sm2O3-Ni-SDC SDC SSC-SDC 600 735 3% H2O-H2 45 
Al2O3-Ni-SDC SDC SSC-SDC 600 372 3% H2O-H2 45 
MnO-Co-Ni-SDC SDC BSCF 650 1094 H2 46 
Today, more research is focused on the development of perovskite (ABO3) and perovskite-related 
oxides. These oxides exhibit mixed ionic and electronic conductivities (MIECs) and better catalytic 
activity for fuel oxidation than ceria and zirconia doped Ni electrode under reducing environment 47. 
The widely studied perovskite oxides include chromite (La0.75Sr0.25Cr0.5Mn0.5O3; LSCM) strontium 
titanate (La0.35Sr0.65TiO3; LST) and Sr2MgMoO6 (SMM) double perovskites due to their comparable 
performances to that of Ni-YSZ, better structural stability and resistivity against sulfur impurity at 
temperature ˂ 700 oC 48-50.  
2.1.3. Cathode Material 
An efficient SOFC cathode material must have the following properties: 
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 Sufficiently high electrocatalytic activity for oxygen molecules dissociation and reduction 
 High electronic and ionic conductivities at operating temperature 
 Chemical and thermodynamical stability in environments encountered during cell fabrication 
and cell operations especially at high temperatures 
 Minimum reaction with the electrolyte and interconnects.  
 Thermal expansion match with adjoining components of cell 
 Porous and stable microstructure for the diffusion of gaseous oxygen at the cathode-
electrolyte (TPB) interface.     
At the cathode, oxygen molecules reduce in the presence of electrons and oxygen vacancies on or 
near the cathode surface and generally undergoes as: 
                                                    𝑂2 + 4𝑒
− +  2𝑉𝑜
..   ↔   2𝑂𝑜
−                              (2.4) 
The cathode material (air electrode) is of great importance because it catalyzes the oxygen reduction 
reaction (ORR) and generally ORR activity determines the overall efficiency of the SOFCs. For a 
long time, platinum (Pt) metal had been extensively used for the reduction of oxygen molecules (O2), 
however, the scarcity and high cost of Pt made it less suitable for large scale production. The 
lanthanum doped LaMnO3, perovskite ceramics had been explored as cathode materials due to their 
intrinsic p-type conduction of electrons between Mn3+ and Mn4+ ions 51. The fast degradation of these 
materials due to their reactivity with YSZ halted their use as HT-SOFC cathodes.  
The Sr-substituted (La, Sr) (Mn)O3-δ (LSM) oxide was used as a cathode material because of its 
chemical stability with LSGM and YSZ and high catalytic activity for ORR at high temperatures 
(800-1000 oC). Other advantages of LSM includes excellent electronic conductivity (200-300 S/cm 
at 900 oC) and low TEC (11 – 13 × 10-6 K-1 at 850 oC) matching with that of YSZ electrolyte 52. 
However, LSM is predominantly a pure electronic conductor, due to the high redox activity of 
Mn4+/Mn3+ couple and exhibits negligible oxide ion conductivity (10-7 S cm-1 at 800 oC). This limits 
the ORR catalytic activity of LSM cathode only at the TPBs. This increases the electrode polarization 
resistance (RP) at operation temperature (TOP, ˂ 800 oC) 53-54.  
As shown in the above equation (2.4), the primary function of the cathode is to electrochemically 
reduce the molecular oxygen into oxide ions or electroactive species. There is no single mechanism 
that explains the ORR activity at the surface. Rather the mechanism is rooted in the sequence of 
different paths, which occur simultaneously on the cathode surface as explained in Figure 2-3.  
Some of the dominant rate-determining ORR mechanisms undergo in cathode materials are outlined. 
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Generally, oxygen molecules from air are adsorbed on one or more surfaces of the cathode material 
where they are partially reduced through an electrocatalytic reduction reaction. Before and during 
reduction reaction, these O2 species diffuse to the electrolyte along surfaces, interfaces, or inside the 
bulk of electronic material, where they fully reduce to O2-. 
 
Figure 2-3: A schematic diagram of different ORR mechanism undergoes at the cathode. Three phases ,  and  
represent to electronic, gas, and ionic phases respectively. Reprinted with permission from Ref. 55. Copyright 2004 
American Chemical Society 55. 
In Figure 2-3 (a), oxygen molecules incorporate into the bulk electronic phase and reduce to O2- ions. 
It happens in the case of mixed ionic and electronic characteristics of  phase. Partial adsorption and 
reduction of O2 take place in the electronic phase as shown in (b). Inside the bulk and surface 
transportation of full and partial ionic oxygen to / interface shown in (c-f). In the last step (g), more 
than one mechanism is going simultaneously where electrolyte itself is active for generating and 
transporting electroactive species 55.         
Based on the above schematic illustration, various strategies have been proposed to improve the ORR 
activity of LSM cathode. One strategy to improve the performance is the fabrication of composite 
cathode with the incorporation of ionic conducting phases such as YSZ, SDC, or impregnation of 
CeO2 nanoparticles in the micropores of LSM pure electronic conductor. Another strategy is the 
development of single-phase electrode that offers mixed ionic and electronic conductivities (MIECs) 
and extends the TPBs for ORR activity throughout the cathode material, for example (La, Sr) (Co) 
O3 (LSC) and (La, Sr) (Fe) O3 (LSF) perovskites 56-57. The LSC cathode exhibits a good catalytic 
activity - mainly due to the high O2 permeability from the extra oxygen vacancies in the lattice. 
However, LSC has operational challenges due to a high TEC (22 - 24 × 10-6 K-1) and formation of 
undesired phases at the electrode-electrolyte interface at high temperatures 58-60.  
The significantly higher TEC mismatch between electrodes and LSC electrolyte contribute to the 
thermal strain at the interface - leading to electrode delamination and electrode cracking during cell 
fabrication or SOFC thermal cycling 61-62. Cobalt-containing cathodes generally experienced high 
TEC which is related to the redox activity of the Co3+ cation. At high temperatures, the cobalt 
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progressively changes its state and jump from low spin (t62ge2g) to intermediate spin (t52ge1g) and then 
to high spin (t42ge2g) and consequently increases its ionic size 63. Therefore, the TEC of cobalt-based 
electrodes can be lowered by partial substitution of different transition metals (Fe, Mn, Ni) for Co 
metal.  
The Fe-rich (La, Sr) (Co, Fe)O3 (LSCF) cathode has been extensively studied because of the 
combined properties of LSC and LSF, moderate TEC values, and acceptable catalytic performance 
for IT-SOFCs 64. LSCF cathodes demonstrate the several order higher magnitude of oxygen diffusion 
coefficients (D*) than that of manganites, resulting in improved catalytic activity of LSCF for ORR 
as compared to LSM 65-67. Shao et al. replaced La with divalent Ba2+ cation and synthesized the 
MIECs (Ba, Sr) (Co, Fe)O3 (BSCF) cathode and evaluated its electrocatalytic performance for IT-
SOFC (500-700 oC) using ceria-based SDC as electrolyte 68. Despite the high fuel cell performance 
of ~1.01 W. cm-2 at 600 oC, BSCF cathode presented a high TEC (~20 × 10-6 K-1), long-term instability 
in the air, and inadequate electrical conductivity at 800 oC. This limits their current practical 
application as a cathode in IT-SOFCs 69-70. 
2.2. Crystallography of cathode material  
Crystal structure arrangement in cathode material determines its ionic and electronic conductivities 
and phase stability under operating conditions. Three main MIECs structured families have been 
widely investigated as potential IT-SOFC cathodes: the cubic-structure simple perovskites, the 
double-layered perovskites, and the Ruddlesden–Popper phases.  
2.2.1. Single Perovskite  
 
Figure 2-4: A schematic arrangement of cubic-type perovskite oxide. Reprinted with permission from Ref. 71. 
Copyright 2016 Royal Society of Chemistry 71. 
Perovskite-structured oxides have been extensively evaluated for SOFCs cathodes due to their 
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efficient MIECs properties and stable crystallography over a wide range of operating conditions. 
Perovskite oxides are represented by a general formula of ABO3 (Figure 2-4), in which the occupancy 
of the A-site and B-site cations determine the properties of the perovskite material. In an ideal cubic 
structured perovskite oxide, the A-site cations are relatively larger ionic size elements (e.g. alkaline 
earth or rare earth metals) that are positioned at the corner of the cube and are coordinated by 12 
oxygen anions. While six-fold coordinated smaller B-sites transition metal (TM) cations are located 
at the body center of octahedron and oxygen ions are occupied at the center of six faces of cube 71-72. 
The ionic size of A-site and B-site cations influence the structural distortion through tilting the 
octahedron. This structural tilting can either improve the electrical properties of the material or may 
elevate the structural stability issues. The degree of structural deviation can be calculated by the 
Goldschmidt tolerance factor (t) using the Eq (2.5) as follows 73: 
                                               𝑡 =  
𝑟𝐴  +  𝑟𝑜
√2 (𝑟𝐵  + 𝑟𝑂) 
                                    (2.5)                 
Here, r represents the ionic radius of A-site, B-site cations, and the oxygen anion. 
Shannon’s set of ionic radii of different coordinated elements is widely used for the measurement of 
Goldschmidt tolerance factor of materials 74-75. The value of the tolerance factor determines the 
stability of the perovskite structure. For t =1, cubic perovskite structure maximizes not only linear 
symmetry of B-O-B chain and stability of crystal but also reduces the unit cell volume. It is only 
possible when A-site cations ionic size is exactly equal to oxygen ionic radius i.e. 1.40 Å. However, 
deviation from the cubic structure introduces the tilting of BO6 octahedral and consequently, reduces 
the B-O-B bond angle. For t  = 0.9 ~ 0.71 and t >1 result in the stability of orthorhombic and 
hexagonal lattice phases, respectively 76-77.  
The tolerance factor is an efficient indicator for synthesizing the desired structure with calculated 
metal composition before starting the experimentation. For instance, the tetragonal structure is 
reported for La0.5Sr0.5MnO3- (LSM) perovskite, however, tolerance factor calculation indicates that 
it transforms to the hexagonal phase if substitution of Sr2+ is partially increasing from 0.5 to 0.55 78-
79. Generally, B-site transition metals categorize the perovskite materials such as Ni-based (e.g. 
SrNiO3-δ), Mn-based (e.g. LSM), Fe-based (e.g. SrFeO3-δ) or Co-based (e.g. SrCoO3-δ) perovskite 
cathodes. Perovskite materials exhibit relatively high-level oxygen vacancies, charge ordering, and 
accordingly rendering fast kinetics of bulk oxygen-ion conductivity. In this regard, the octahedral 
symmetry around reducible B-site transition metals plays a crucial role in rapid electron conduction 
80-81.   
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 Electrical conductivity origin and mechanism  
Tailoring the perovskite structure either by changing the composition, by partial or fully substitution 
of A/B-site cations with other cations introduces the wide flexibility to improve the properties of 
perovskite materials such as the ionic and electronic conductivities, structural stability and thermal 
properties. As electrons are directly involved in ORR, the cathodes electronic conductivity is much 
important for the overall performance of SOFCs.  
According to charge neutrality conditions, negative charge imbalance introduced due to the 
substitution of divalent cation for trivalent cation at the A-site is compensated either by the oxidation 
of B-site transition cations (electronic conductivity) or by the creation of oxygen vacancies (ionic 
conductivity) 82. Usually, transition metals (TMs) neutralize this charge imbalance by introducing the 
TMn+/TM(n+1)+ couples, which are basically the hoping site for holes/electrons conduction, i.e. for p-
type or n-type conductivity. 50-mol% substitution of the divalent acceptor at the A-site enhances the 
availability of hoping sites by maximizing the TM3+/TM4+ ratio (1:1), which results in the highest 
theoretical electronic conductivity 83. For the Sr+2 substituted LSM perovskite, charge imbalance in 
the structure neutralized by Mn3+/4+ heterovalent cations, which provides the higher availability of 
hopping sites. However, charge disproportionation arises in the LSM perovskite oxide due to the 
partial incorporation of Fe3+ transition metal - limiting the electronic conduction 84-85  
In the ABO3 perovskite oxide, the BO6 octahedral structure is considered the most stable because of 
the A-site cation substitution and electronic conductivity is the results of TMs valence change in all 
three dimensions 86. Polarization of the anion brings the B-site cation closer and the electrical 
properties of perovskite are related by covalency of B-O-B bond as shown the covalent bond 
interaction between oxygen anion and cation in Figure 2-5.  
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Figure 2-5: A schematic illustration of covalent bonds interaction between pπ-orbitals of O-2 ion and t2g-orbitals 
of adjacent B-site transition cations. Reprinted with permission from Ref. 87 87. 
According to valence bond theory (VBT), the degree of overlap of pπ-orbitals of the anion with t2g-
orbitals is strongly influenced by the strength of σ-bond between pσ-orbitals of anionic and successive 
transition metal cation. The B-O bond length and corresponding B-O-B bond angle determine the 
orbitals overlap of each Bt2g-Opπ -Bt2g triplet. As a result, the overlap between t2g and pπ atomic 
orbitals may provide a pathway for electrons hopping between neighboring t2g orbitals of B cations, 
whereas valence state of TMs is changed along with BO6 octahedral network. 87-88. 
The electrical conductivity of perovskite materials can be measured by the Arrhenius plot of ln(σT) 
versus 1/T, using the following equation: 
                          σ = (𝐴 𝑇𝑠⁄ ) exp (
−𝐸𝑎
𝑘𝑇⁄ )                                      (2.6) 
In the above equation, A is the pre-exponential factor, k is the Boltzmann constant, and T stands for 
the absolute temperature. Ea is the activation energy that can be calculated from the linear slope of 
experimental data. The exponent ‘s’ indicates the adiabatic (s = 1) or non-adiabatic (S= 3/2) small 
polaron conduction 89.     
Ionic conductivity origin and mechanism 
Sufficiently high ionic conductivity (O-2) of SOFC cathode materials is important for improved ORR 
activity and it is generally driven by an oxygen vacancy gradient. The ionic conductivity is directly 
related to the concentration of oxygen vacancies from intrinsic and extrinsic defects. Intrinsic defect 
are temperature dependent oxygen vacancies in the oxygen sub-lattice. Fluorite structured Yttria-
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stabilized zirconia (YSZ) electrolyte is a well-known example of oxide ionic transportation that is 
established by oxygen vacancy mechanism. At sufficiently higher temperature, one oxygen ion hops 
into the neighbouring vacant position through a diffusive jump and creates the electron hole in a 
normal lattice position. The easiest ionic motion/jump is along the edge of the cube formed by eight 
oxygen ions/vacancies 90.   
Extrinsic defects are related to the impurities or the fraction of substitution in the parent oxide  91. For 
example, in (La, Sr) MnO3- (LSM) electrode the oxygen vacancies are generated at the TPB’s region 
to compensate the charge imbalance that introduced due to the reduction of B-site transition metal 
ions (e.g. Mn4+ to Mn3+ and Mn2+) according to the Kroger-Vink expressions:  
                     2Mnx + 2Oxo → 2Mn′ + 𝑉𝑜
•• + O2 (g)            (2.7) 
             2Mn′ + 2Oxo → 2 Mn′′ + 𝑉𝑜
•• + O2 (g)            (2.8) 
Here, Mnx, Mn′ and Mn′′ represent the Mn4+, Mn3+ and Mn2+ ions in the LSM lattice sites, respectively, 
whereas, Oxo and Vo
•• are the O-2 ions and oxygen vacancies in the lattice, respectively. Propagation 
of formed oxygen vacancies at the electrode/electrolyte interface extends the reactive sites for ORR 
activity that ultimately improves the electrochemical performance of LSM cathode 92. Moreover, in 
the absence of heterovalent ions in perovskite oxides, ionic conductivity can be improved by doping 
aliovalent cations at A-site. For example, a 10 mol% substitution of divalent Sr2+ cation for La3+ in 
LaInO3 perovskite oxide increases the ionic conductivity from 7.3 x 10-5 S cm-1 to 1.8 x 10-3 S cm-1 
93. Small substitution of TMs (Co, Fe, Mn) in B- lattice site proves advantageous for enhancing ionic 
conductivities 77. However, percentage of these dopants must be considered thoroughly otherwise 
oxygen vacancy ordering or structural deformation can be resulted by too many vacancies, which 
leads to decrease in ionic conduction 94. 
The structural symmetry of perovskite material also influences oxide ion conduction. Isotropic 
adjacent positions for the hoping of oxide ions/oxygen vacancies facilitate fast ionic conduction. For 
this, the maximum ionic conductivity is reported for perovskites with tolerance factor (t) closer to 1 
95-96. Theoretically, the oxygen ions jump between two neighboring vacancy sites along the edge of 
octahedron through a confined gap, “saddle point”, bordered by one B-site anion and two A-site 
cations as shown in Figure 2-6. 
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Figure 2-6: Schematic description of oxygen anion migration along the BO6 octahedron edge through the saddle 
point. Reprinted with permission from Ref. 94. Copyright 1996 Elsevier 96. 
The saddle point space between A-site and B-site cations determines the ease of oxygen ions 
migration through. A parameter, critical radius (rcr) is used to characterize the maximum space of 
interstitial saddle point, need for oxygen ion migration. The following equation (2.9) is used to 
calculate the rcr as:  
 
           
(2.9) 
 





Where, a0 is the pseudocubic lattice constant and can be derived from equation 2.10, using perovskite 
structural tolerance factor (t). rA and rB represent the radius of A and B site cations, respectively. 
The critical radius depends on the ionic size of the A and B-site cations. The critical radius is increased 
by reducing A-site cations radius rA or/and increasing B-site cation radius rB. However, the 
significantly larger oxygen ion radius (1.40 Å) than typical rcr of perovskite oxides (≤ 1.05 Å) makes 
it difficult for the oxygen ion to move through the space. As such, it is hypothesized that lattice 
relaxation due to the thermal vibration of cations assists the oxygen anion in moving through the gap 
97. Furthermore, the polarisability of the lattice structure also helps in reducing the activation energy 
barrier for the oxygen ion migration 95.    
2.2.2. Double-Layered Perovskite 
Double-layered perovskites are another investigated type of SOFC cathode materials due to their fast 
oxygen surface exchange kinetics (k*), O-2 ion diffusivity, and high electrical conductivities. These 
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perovskite structure consist of either ordered B-site (A2BB′O5+δ) or A-site (AA′B2O5+δ) cations as shown 
in Figure 2-7. For the A-site ordered perovskite, the A and A’ cations are either alkaline earth or 
lanthanides metals. For the B-sites rock-salt ordered perovskite the B and B’ cations are transition 
metals which have alternating BO6 and B’O6 corner shared octahedral 98. Substitution of the A or B-
sites cations alters the B-site cations valence and oxygen vacancy concentration, which plays an 
important role in sublattice arrangement, phase stability, and electrocatalytic properties of the layered 
perovskites 99-100.  
 
 
Figure 2-7: A schematic arrangement of double A-site ordering perovskite oxide AA’B2O5+δ . Reprinted with 
permission from Ref. 71. Copyright 2016 Royal Society of Chemistry 71. 
Double perovskite oxide such as LnBaCo2O5+δ (Ln= Nd, Sm, Tb, Pr, Dy, Eu, Ho) shows fast oxygen 
surface exchange diffusivity, and electrical conductivity at intermediate temperature. As an example, 
GdBaCo2O5+δ perovskite material exhibits an improved oxygen surface exchange coefficient (k*) of 
~ 7.5 × 10-8 cm s-1, a bulk oxygen diffusivity (D*) of ~ 2.8 × 10-10 cm2 s-1 and electronic conductivity 
of ~ 560 S cm-1 at 500 oC. The activation energy associated with D* and  (k*) are of 0.60(1) eV and 
0.81(5) eV, respectively, which is lower than that of the benchmark LSCF MIEC perovskite cathode 
101-102. However, partial substitution of the smaller radii Sr2+ for Ba2+ can further enhance the electrical 
conductivity of the GdBa1-xSrxCo2O5+δ perovskite by increasing the oxygen vacancies, decreasing the 
lattice parameter and by straightening the O-Co-O bond, which improves the orbitals’ overlap 102.  
Later on, Kim et al. found that the microporous channel in the CoO lattice structure is probably the 
main reason for the enhanced oxygen exchange coefficient and bulk oxygen diffusivity in (Pr1-xSrx) 
(Co, Fe) O5+δ layered perovskite oxide 103. 
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2.2.3. Ruddlesden-Popper Oxide 
 
Figure 2-8: A schematic diagram of Ruddlesden-Popper phase (a) Srn+1RunO4 (n = 1,2). Reprinted with permission 
from Ref. 102. Copyright 2000 Springer 104. 
Another class of composite oxides are Ruddlesden–Popper (RP) oxides (Figure 2-8). RP oxides are 
generally classified by the layered crystal structure with n ABO3 perovskite octahedron stacked 
between two AO rock salt structures along the c-axis. RP type of composite oxides are described by 
a crystal structure of An+1BnO3n+1 (n=1,2,3), where A is either a rare earth or alkaline earth metals 
cations, B is the transition metals at B-site and n represents the number of connected BO6 octahedron 
blocks, as shown in Figure 2-8 104-105. For SOFC applications, K2NiF4 structured RP phase materials, 
such as Pr2NiO4 and Ln2NiO4, are considered alternative cathode materials owing to their high ionic 
conductivities and closely matched TEC (13 -14 × 10-6 K-1) values with commonly used electrolyte 
materials at low temperature 106-108. However, the electronic properties of the RP phase are not 
promising (≈50-100 S cm-1) as compared to other perovskite structures under LT-SOFC.   
In the RP phase crystal lattice, the ionic conductivity commonly propagates by intrinsic oxygen 
through interstitial oxygen defects and, the extra oxygen that accommodates at interstitial sites in the 
LnO rock salt, progresses between the adjacent vacant interstitial sites 109-111. Consequently, the 
oxygen hyper-stoichiometry across the entire oxide remains stable until the interstitial oxygen and 
the interstitial vacant site (hole) are in equilibrium as illustrated in following equation 112.  
             ½ O2 (g) + Vix  ↔ Oi′′ + 2h•                      (2.11) 
In the above equation, Vix represents the vacant interstitial site, Oi′′ and ho denote an interstitial oxygen 
ion and a hole, respectively.  
The kinetics of the anisotropic diffusion of oxide ion mainly depends on the crystal geometry and the 
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composite oxide thickness. For instance, the interstitial oxygen ion conductivity is found to be two 
orders faster in the a-b plane as compared to the a-c plane 113-114. Figure 2-9 describes a detailed 
diffusion process of interstitial oxygen which is facilitated by the distortion tilting of the neighboring 
BO6 (B= Ni, Cu) octahedra. As shown in the initial configuration, a neighboring BO6 octahedron tilts 
away from the single interstitial oxide ion due to thermal relaxation and moves towards the adjacent 
vacant interstitial site (Figure (2-9(a)). This tilting induces an electrostatic pull in one of the apical 
ions. Consequently, an apical ion from one of the tilted octahedrons jumps upwards and occupies the 
vacant interstitial site (hole), as shown in Figure 2-9(b). This leaves the momentary lattice relaxation 
and corresponding the oxygen vacancy in the lattice of the formerly octahedron. The final (Figure 2-
9(c)) and initial configurations are equivalent except the position of interstitial oxygen ion that 
translates along the a-b plane. 115. 
 
Figure 2-9: A schematic mechanism of a typical diffusion process occurring through the intrinsic site by interstitial 
oxygen ion along a-b plane 900 K. Reprinted with permission from Ref. 113. Copyright 2010 Royal Society of 
Chemistry 115. 
2.2.4. Conclusion of section 2.2 
The crystallography determines the ionic and electronic properties of cathode materials. Cathode 
materials that showed promise for LT-SOFC are single perovskites, double perovskites, and 
Ruddlesden-Popper oxides. Generally, alkaline earth metals, rare metals, and transition metals are 
employed as A-site and B-site cations, respectively. The ionic size and fractional composition of these 
cations affects the structural stability of the materials. Mixed ionic and electronic conductivities 
(MIECs) could be significantly altered by tuning the A or/and B site cations. The ionic conductivity 
in RP-types materials is predominantly driven by an interstitial oxygen ionic conductivity mechanism, 
whereas, in perovskite materials the most oxide ion conductivity is the result of a vacancy filling 
mechanism. Most of the benchmark cathode materials such as LSM, SCNT, BSCF, LSCF, PBSCF, 
and SSC are examples of simple perovskite oxides.  
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2.3. Cost Estimation 
The cost of the raw materials associated with the synthesis of cathodes significantly affect the bulk 
production and overall cost of cell operation. The cost comparison of most commonly used metal 
oxides is presented in Figure 2-10. 
 
Figure 2-10: Per gram cost of various metal oxides. All prices are in Australian dollars and estimated from Sigma 
Aldrich source for 99.99 % purity of metal oxide.   
2.4. Perovskite oxide cathode materials 
Conventional SOFC performance is largely contributed to the electrocatalytic activity of the cathode 
materials. The previous section 2.2 described the operational strategies to improve the sluggish 
kinetics of cathode materials towards ORR activity at lower temperatures. This section gives a review 
of recent advancements in developing and enhancing the performance of LT-SOFC cathode materials 
using various approaches such as substituting the A and/or B-site cations; replacing the single-phase 
MIECs cathodes or by making the composite with high ionic conducting phase materials. Perovskite 
cathode materials show promise as a potential low-temperature cathode, so the discussion is focused 
on the Co-based and Co-free perovskite cathode materials.  
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2.4.1. Cobalt-based cathode materials 
Cobalt-based perovskite oxides are receiving enormous research interest as IT-SOFC cathodes due to 
their sufficiently high MIECs and superior catalytic performance for ORR activity at temperatures 
lower than 700 °C.  The electrocatalytic activity of these oxides is mainly attributed to the fast-redox 
activity of cobalt metals, which rapidly changes its valence from low spin to high spin ionic 
Co(III)/Co(IV) transition states 116. The other factors contributing to the lower ASR of a cobalt-
containing electrodes are; good bulk oxygen diffusivity, surface oxygen exchange kinetics, and 
oxygen vacancy concentration on/near the TPB 117. Among the Co-based perovskites, the pristine 
SrCoO3-δ (SC) parent oxide is regarded as the most promising cathode candidate at IT owing to its 
high oxygen permeability through the cubic crystal structure. For example, the SC-based perovskite 
oxides such as SrSc0.2Co0.8O3−δ (SSC), Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) and SrCo1-xTaxO3−δ (SCT) 
exhibited an outstanding ORR performance and displayed an of ASR ≤ 0.1 Ω.cm2, at temperature 
600 °C, given by their high oxygen vacancy concentration and surface oxygen exchange kinetics 68, 
118-119.  
On the contrary, there are numerous issues associated with the structural stability, mechanical stability, 
TEC mismatch and surface poisoning caused by Cr, B, and CO2 contaminants. These factors all limit the 
long-run applications of cobalt-based perovskites as IT-SOFC cathode materials120-121. The structural 
stability of SrCoO3-δ is a major concern. At temperatures below 900 °C, its beneficial disordered cubic 
perovskite phase transforms to an ordered non-perovskite BaNiO3 hexagonal phase with a five folds 
decrease in oxygen permeability through the lattice 122-123. Moreover, strontium is an expensive additive 
which tends to segregates to the surface and interacts with gaseous feed and forms detrimental by-products 
such as SrCO3, Sr(OH)2, SrSO4, and SrCrO4 at temperature above 500 °C 124-128. These contaminants 
severely deteriorate the ORR activity of cathode materials.    
As mentioned in the perovskite section 2.2.1, tuning the A/B-site cation is not only effective to 
stabilize the crystal structure but also improves the ionic and electronic properties of the perovskite 
cathodes. The alkaline earth (Ba, Ca) or rare earth metals (La, Sm, Pr, etc) can be partially doped at 
the A-site to enhance the ORR activity of the cathodes 129-133. Kim et al. evaluated the electrocatalytic 
performance of Pr-doped SC perovskite oxide and reported a promising ASR activity of Pr1-
xSrxCoO3−δ (PSC), i.e. 0.17 Ω cm2 at 700 °C. This improved performance is ascribed to the relatively 
high concentration of oxygen vacancies (δ) as compared to pure SC oxide and a much better chemical 
compatibility with the electrolyte material 134. Similarly, the partial incorporation of Ba2+ for Sr2+ is 
also found efficient for creating the extra active sites for fast surface oxygen and bulk exchange 
kinetics which leads to high ionic conductivities of material. For example, the superior electrode 
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activity of BSCF is attributed to the partial substitution of the Ba dopant (˂ 60 mol%) in Sr(Co, 
Fe)O3−δ (SCF) oxide. This improves both the structural stability and the ionic conductivity of the SCF 
perovskite oxide. However, doping of the Ba with a relatively larger ionic radius (1.61 Å) than Sr2+ 
(1.44 Å) suppresses the valence of the B-site transition metals (Co, Fe), and decreases electrical 
conductivities 68, 135. Moreover, the phase transformation from cubic perovskite to hexagonal 
perovskite is also a main concern for BSCF cathodes for SOFC application at IT 136-137. 
The partial substitution of cobalt ion with other transition metal cations such as Fe, Ni, and Mn is 
reported as an effective strategy to circumvent the structural and thermal instability problems 138-139. 
In this regard, the Fe cation is one of the most commonly used B-site dopants, which can effectively 
stabilize the cubic perovskite structure of the SC perovskites 140-142. Lee et al. incorporated Fe in 
Nd0.6Sr0.4Co1-yFeyO3−δ (NSCF) and investigated its effect on TEC values and crystal structural 
stability. He found that TEC of NSCF cathode is inversely proportional to the degree of substitution 
of Fe that mainly due to the stronger Fe-O binding (390.4 kJ mol-1) that decreased the amount of 
lattice oxygen loss at high temperature, resulted in lower TEC value and higher structural stability of 
cathode at intermediate temperature 143. Additionally, higher Fe bond energy with oxygen and 
substantially decreased loss of lattice oxygen negatively affect the formation of oxygen vacancies and 
permeability of bulk oxygen in the lattice 144-145. However, the electrical conductivity of some of the 
benchmark LSCF and BSCF materials degraded by substituting higher content of Fe metal (Figure 
2-11). Tai et al. found that the deterioration in electrical conductivity of La0.8Sr0.2Co1-yFeyO3−δ  (LSCF) 
air electrode is subjected to the trapping of small polarons charge charrier into the lower-lying Fe 
sites,  where they stay for a relatively longer time before acquiring the sufficient thermal energy 
needed to overcome the energy barrier and hop back to the neighbouring Co-site and continue the 
polaron migration mechanism 146-148.  
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Figure 2-11: Electrical conductivity of LSCF as a function of temperature. Reprinted with permission from Ref. 
146. Copyright 1995 Elsevier 148. 
Some donor cations (i.e. valences state > 3+) are proved beneficial in enhancing the structural stability 
of SrCoO3-δ based perovskites.  Their fixed high valence states induce an electrostatic repulsion with 
B-site Co cation. Normally, Co adjusts its valence to the Co3+ oxidation state in the compounds doped 
with high oxidation state dopant such as Ta5+, Nb5+, Sb5+, or Mo6+, which is thermodynamically more 
stable phase than Co4+ state 149. Doping of a fixed valence cation also impacts on the electrical 
conductivity of the SrCoO3-δ perovskite oxide 118, 150-152. The electrical conductivity of the SrCo1-xMox 
(SCM) cathode increases from 34 to 286 S cm-1 by incorporating 5 mol% of Mo6+. The conductivity 
then to 170 S cm-1 on further increasing the dopant concentration to 10 mol%. This enhanced 
electronic conductivity is ascribed to the stabilized tetragonal perovskite phase of the LCM5 and 
resulted in a low ASR of 0.069 Ω cm2 in a symmetric cell configuration using a LSGM electrolyte at 
700 °C 153. 
Li et al. co-doped the highly charged Nb5+ and Ta5+ dopants and investigated the electrocatalytic 
performance of novel SrCo0.8Nb0.1Ta0.1O3−δ (SCNT) perovskite for LT-SOFC. The coping of fixed 
valent B-site cations not only stabilized the cubic perovskite structure of SC oxide but also surpassed 
the catalytic activity of SCNT material. This cathode exhibited the lowest ever reported polarization 
resistance of ~ 0.16 Ω.cm2 at 500 oC in symmetric cell configuration and power density as high as 
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1.2 W cm−2 in anode supported GDC electrolyte, at 500 °C, as shown in Figure 2-12. The structural 
stability and superior electrocatalytic performance of SCNT perovskite are attributed to an optimal 
balance of oxygen vacancies, high ionic conductivity, efficient surface charge transfer, and co-doping 
synergistic effect of Nb+5 and Ta5+ 154. 
 
Figure 2-12: (a-c) EIS results of SCNT cathode in symmetric cell configuration using SDC electrolyte (d) Anode-
supported single cell performance. Reprinted with permission from Ref. 152. Copyright 2017 Springer Nature 154. 
2.4.2. Cobalt-free cathode materials 
In this section, details of Co-free cathode materials such as Mn-based, Ni-based, and Fe-based 
perovskite oxide will be discussed. The Fe-based SrFeO3-δ (SF) perovskites will be discussed in detail, 
as this parent oxide is used to develop the cathode materials discussed in the results and discussion 
section.    
Manganese-based cathode materials 
Manganese-based perovskite oxides such as LnMnO3 showed the promise as a cathode for 
conventional high-temperature SOFCs (~ 1000 oC) because of their high electronic conductivity, 
relatively low TEC value and fast surface oxygen kinetics. However, due to the limited chemical 
compatibility of A-site cations with YSZ at temperatures > 800 oC, new secondary phases such as 
La2Zr2O7, SrZrO3 form at the interface of Mn-based cathodes and the YSZ electrolyte. These resistive 
phases block oxide ion diffusion to the TPBs - increasing polarization resistance of the cathode 
material. The compatibility issues of Mn-based cathodes can be resolved either by decreasing the 
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operating temperature or by doping.  
As pure electronic conductors, the ionic conductivity and ORR catalytic activity of most of the Mn-
based cathodes is very low because of the stability of the Mn4+ cations. In addition, substituting the 
La with a the divalent alkaline-earth metal, such as Sr2+, increases oxygen vacancy concentration 
through introducing change imbalance introduced in the lattice is compensated by the formation of 
more Mn4+ ions (p-type conduction) 155.  To improve ionic conductivity, LSM has been doped with 
catalytically active transition metals, such as Co, Fe, Cu, into the B-site or by incorporating the 
aliovalent metals, such as Sc3+, into the lattice of A-site 156-159.  Introducing A-site cation deficiency 
is an effective way to enhance oxygen vacancy concentration and consequently in improving the ORR 
oxygen kinetics 160-162. Furthermore, compositing the LSM with an ionic conductive phase such as 
YSZ, SDC or GDC is a simple way to improve ORR activity of the cathode. Despite, the poor 
catalytic activity of Mn-based cathodes at intermediate temperatures, LSM is still considered a 
benchmark cathode material for high-temperature SOFCs.  
Nickel-based cathode materials 
Lanthanum nickelate, LaNiO3-δ is another class of cathode material for IT-SOFCs. These cathode 
materials exhibit sufficient electrical conductivity at room temperature. However this perovskite 
phase easily decomposes to a rhombohedral phases ( La4Ni3O10 and La2NiO4) and NiO, in reducing 
environments (PO2 ≥ 10-2) and at temperatures over 850 °C 163-165.  Partial substitution of alkaline-
earth metals (Ca, Sr, Ba) at the A-site or/and incorporation of other dopants such as Fe, Co, Cr, Ga, 
Al at the B-site increases the oxygen vacancy concentration and electrical conductivity of the LaNiO3-
δ perovskite oxide 165-166. Chiba et al. found that doping 40 mol% Fe on the B-site effectively 
stabilized the perovskite phase and increased the electrical conductivity of 102 S cm-1 at temperatures 
35-800 °C. This also enhanced the ORR catalytical activity of the LaNi0.6Fe0.4O3-δ (LNF) cathode at 
intermediate temperatures 111. However, the decomposition of the LNF cathode to La4(Ni1-xFex)O10 
and chemical reactivity with Cr species are major challenges that deteriorate the catalytic 
performance of the LNF cathode at high temperatures 163, 167.   
Iron-based cathode materials 
During the last two decades, Fe-based perovskite oxides, e.g. LaFeO3- δ (LF), SrFeO3-δ (SF), have 
attracted much attention as potential IT-SOFC cathodes due to their cost and promising ORR catalytic 
activity 53, 168-169. The competitive ORR activity is mainly attributed to the predominant oxygen 
vacancy concentration in the lattice that leads to the a high ionic conductivity 170. Although the 
catalytic activity of the Fe-based perovskite oxides is lower than the Co-based oxides, it stands out 
having better chemical compatibility and a well-matched TEC with commonly used zirconia and ceria 
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based electrolyte materials 53, 171. However, Fe-based cathode materials are poor electronic conductors 
because of the low availablility of Fe3+/ Fe4+ hopping sites, as charge conductivity in ferrite-based 
perovskite propagates through p-type conduction 170. Patrakeev et al. prepared a series of La1-
xSrxFeO3-δ (LSF) (0 ≤ x ≥ 1) perovskites and reported a much-improved ionic and electronic 
conductivity of LSF cathodes – which was attributed to the doping level of acceptor cation. The 
variation in the partial doping of the acceptor (Sr2+) cation resulted in crystal structure modifications 
that simultaneously increased the p-type charge carriers and increased the oxygen vacancy 
concentration - even at low oxygen partial pressures (pO2) of 0.21 atm. The 50 mol% incorporated 
La0.5Sr0.5FeO3-δ (LSF5) cathode exhibits the maximum electronic conductivity of two orders of 
magnitude and 0.48 S cm-1 ionic conductivity at 950 oC compared to other synthesized cathodes 172. 
Moreover, the partial substitution of La with other divalent alkaline earth elements (Sr, Ca, Ba) 
improve the ionic conductivity and ORR activity with an ASR of  0.5, 0.6, 0.8 Ω cm2 measured for 
La0.5M0.5FeO3-δ (M= Sr, Ca, Ba), respectively, at a current density of 100 mA cm2 and at 700 oC 173. 
Iron-based, cubic perovskite-structure SrFeO3- δ (SF) is the most commonly used parent oxide due to 
its sufficiently high ionic conductivity and acceptable electrical conductivity. However, its structural 
instability is the main concern as the cubic perovskite transforms to an orthorhombic brownmillerite 
structural typically at temperatures below 870 oC. This transformation is accompanied with a decrease 
in electrical and oxide ionic conductivities of the materials 174-175. The structural stability can be 
improved by doping the A-site and/or B-site cations. For example, Liang et al. investigated the co-
doping effect of Ta and Nb on SrFeO3- δ perovskite and evaluated the ORR electrocatalytic activity of 
SrNb0.2-xTaxFe0.8O3-δ (SNTF) cathode at intermediate temperatures. The 10 mol% stochiometric 
doping of fixed valence Nb and Ta metals (SrNb0.1Ta0.1Fe0.8O3-δ) displayed the highest electrical 
conductivity i.e. 300 S cm-1 at 500 oC and a well-matched TEC with conventional electrolytes 
between 30-810 oC. The high MIECs of the tested materials translated to a better ORR activity with 
a minimum ASR of 0.045 Ω cm2 and an excellent power density of 1223 mW cm-2 in an anode 
supported single-cell configuration using SDC electrolyte at 700 oC as shown in Figure 2-13 176.   
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Figure 2-13: (A) Arrhenius plots of ASR in symmetric cell configuration as a function of temperature and (B) 
power densities of SrNb0.1Ta0.1Fe0.8O3–d cathode with SDC electrolyte. Reprinted with permission from Ref. 174. 
Copyright 2017 WILEY 176. 
2.4.3. Strategies to improve the ORR of activity 
Partial replacement of the A-site, Sr2+, cation with Bi3+, Ba2+ at Cu2+ dopants and B-site transition 
metal (Fe) with other high valence cations such as Ti3+, Nb5+, Mo5+, Ta5+, Sc3+, is an efficient strategy 
to stabilize the structural and to improve the ORR activity of iron-based cathode materials 168, 177-180. 
Therefore, in the following section, we will discuss the advances of the doped strategies to improve 
the crystal structural stability and catalytic activity of perovskite cathode materials.   
A-site deficiency creation  
A-site cation deficiency can significantly alter the structural and physical properties of perovskite 
cathode materials. Introducing A-site cation deficiency develops additional oxygen vacancies – which 
improves both the oxide ionic conductivity and the ORR catalytic activity 181-182. Whereas, in cobaltite 
and manganite systems, A-site deficiency is generally compensated by the oxidation of the B-site 
transition metals 183. For instance, Zhu et al. evaluated the ORR activity A-site deficient of La1-xFeO3-
δ (x=0.02, 0.05, 0.1) perovskites and demonstrated that 5 mol% deficient La0.95FeO3-δ (L0.95F) 
exhibited the highest ORR activity and it reduced in the order as;  L0.95F > L0.9F > L0.98F > LF. 
This improved catalytic activity is ascribed to the formation of surface oxygen vacancies which 
suppresses the Fe4+ species - which consequently diminish the hoping sites for charge carriers  184. 
Similarly, enhanced catalytic activity and a much lower TEC of relatively small A-site deficient (La, 
Sr) (Co, Fe)O3-δ cathode were also reported. This signifies the role of cation deficiency in decreasing 
the TEC 182, 185. Generally, the creation of A-site cation deficiencies exhibits a trade-off between 
electronic and oxide ion conductivities of perovskite cathodes. However, Yang et al. reported four 
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times higher electronic conductivity (33 S cm-1) of Sr0.95Fe1.5Mo0.5O6−δ (SFM95) cathode than SFM, 
at 550 oC. The power density reached a maximum of ~ 1083 mW cm-2 with a YSZ electrolyte, at 800 
oC. This improved performance was attributed to the optimized proportion of Fe2+/Fe3+ ions ratio and 
the stable cubic perovskite structure associated with the 5 mol% cation deficiencies 186.  
A/B-site cation substitution on SrFeO3-δ perovskite  
As previously discussed, the strontium ferrite (SF) parent oxide exists in a mixture of different phases 
at a temperature below 800 oC and can easily go through this phase transformation. It is generally 
accepted that the cubic perovskite symmetry offers a more disordered oxygen vacancy structure that 
significantly improves the permeability of oxygen ions through the 3D oxygen diffusion channels 187.  
Thus, the improved catalytic performance of A-site or B-site doped SrFeO3-δ perovskite is most likely 
attributed to cubic perovskite phase stabilization and optimized MIECs by the substitution of 
appropriate cations. Kharton et al. investigated the mixed conductivities, oxygen surface exchange 
kinetics, and oxygen nonstoichiometric defects induced in Ln0.5A0.5FeO3-δ (Ln = La, Pr, Nd, Sm, and 
A= Sr, Ba) due to the A-site cation size mismatch at temperatures 700-1000 oC. He established the 
direct relation of A-site cations radii difference with oxygen vacancy concentrations and an inverse 
relationship with the ionic conductivity. The oxygen vacancies and the accompanied p-type electronic 
conductivity of the Ln0.5A0.5FeO3-δ perovskite materials are correlated to the electrostatic strain 
induced due to the ionic size mismatch and polarizability of A-site cations 188. It is observed that high 
catalytic activity or low ASRs of lanthanide series (La, Sr)FeO3-δ perovskites is correlated to the 
relative ionic size of Ln3+ cations than Sr2+ 189.  
Partial substitution of trivalent Bi into the A-site of SrFeO3-δ perovskite has been widely investigated 
to enhance the electrocatalytic activity, electronic conductivity, structural stability, and thermal 
expansion compatibility of Bi1-xSrxFeO3-δ (BSF) cathode for IT-SOFC. Niu et al. prepared a series of 
Bi1-xSrxFeO3-δ (x = 0.3, 0.5, 0.8) perovskite oxides and evaluated their electrocatalytic performance 
towards ORR activity at 550-750 oC. 50 mol% Bi substitution at the Sr site (Bi0.5Sr0.5FeO3-δ (BSF5)) 
improve catalytic activity with ASRs as low as 0.06, 0.12 and 0.25 Ω cm2 at 750, 700, and 650 oC, 
respectively.  This enhanced electrochemical performance is attributed to the stable cubic structural 
symmetry and predominant oxygen surface defects – which significantly improve the ionic 
conductivity of BSF5 compared to BSF3 and BSF8. The electrical conductivity of tested materials 
decreased with increasing the Sr2+ composition (BSF8 > BSF5 > BSF3) that resulted in the lower 
concentration of Fe4+ cations in the lattice 169.  
A detailed comparative study of BSF5 and La0.5Sr0.5FeO3-δ (LSF5) perovskite oxides signified the 
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role of crystal structural symmetry in conducting the oxide ions through the lattice. The cubic 
symmetry of BSF5 showed faster oxide ionic conductivity and higher oxygen vacancy creation than 
rhombohedral structured LSF5 cathode 190. Li et al. evaluated the synergistic effect of co-doping La 
and Bi in the SF-based perovskite oxide on ORR performance of La0.8-xBixSr0.2FeO3-δ (0≤ x ≥0.8) 
cathodes. The X-ray powder diffraction (XRPD) exposed that Bi doping with x ≥ 0.3 favored the 
single cubic perovskite phase, whereas, the A-site cations composition with x ≤ 0.2 resulted in 
orthorhombic crystallinity of material, which affects the permeability of oxygen ions through the 
lattice structure. Thus, increasing Bi concentration improves the oxygen vacancy concentrations but 
it reduces the Fe4+/Fe3+ couples - reducing the electrical conductivity. Therefore, the optimized 
composition of La0.4Bi0.4Sr0.2FeO3-δ displayed the highest catalytic activity with  polarization 
resistance as low as 0.08, 0.174, 0.22, and 0.41 Ω cm2 at 650, 600, 550 and 500 oC, respectively, in 
single-cell configuration using SDC electrolyte 191.          
The monovalent alkali metal doping, such as potassium (K), in SrFeO3-δ also has been reported to 
improve electronic and oxide ionic conductivities and long-run structural stability in oxidizing 
atmospheres. 10 mol% K+ substitution into the Sr2+ sublattice, formed Sr0.9K0.1FeO3-δ (SKFO) created 
an unusual metallic and antiferromagnetic combination, resulted in the coexistence of π-bonding t32g 
configuration with itinerant σ-bonding due to the strong Fe-O covalency. The overlapping of the 
oxygen pπ-bonding with the adjacent t32g orbital of the Fe atom increased conduction of charge carrier 
and a maximum electronic conductivity of 26 S cm-1 is evaluated for SKFO cathode that led to a 
power density of 680 mW cm-2 with Sr2MgMoO6 anode-supported single cell using a LSGM 
electrolyte at 800 oC 116. 
In SF-based perovskite cathodes, partial substitution of the B-site transition metal (Fe) with other 
reducible cations or fixed valence cations is an effective strategy to stabilize the structural phase and 
to enhance the electrochemical performance. Lei et al. stabilized the crystal structure and improved 
the catalytic activity of cobalt-free Bi0.5Sr0.5FeO3-δ perovskite by doping of the high valence Nb cation 
into the Fe sublattice and systematically evaluated the electrochemical performance of Bi0.5Sr0.5Fe1-
xNbxO3-δ (BSFNx) cathode for IT-SOFCs.  The average TEC decreased from 13.3-12.6×10-6 K-1 with 
increasing the Nb contents, at temperatures between 50-800 oC. This comparative study optimized 
the BSFNx composition as x = 0.1. They reported a minimum polarization resistance of the BSFN0.10 
cathode as 0.038, 0.075 and 0.156 Ω cm2 at 700, 650 and 600 oC, respectively, on GDC electrolyte 
(Figure 2-14). Furthermore, the anode-supported SOFC had a power density of 1.25, 1.54 and 1.34 
for BSFN0.05, BSFN0.1 and BSFN0.15, respectively at 700 oC. The long-term stability of the 
BSFN0.10 cathode and enhanced electrode performance is due to the surface oxygen vacancy 
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concentrations, cubic geometry of a crystal, and fast oxygen surface exchange kinetics and bulk 
diffusivity 192. Similarly, Mo, W, Ti, and Cu cations have been investigated as B-site dopants to 
improve the MIECs properties and electrocatalytic activity. However, insufficient electrical 
conductivity and relatively high TEC (in the range of 18-22 ×10-6 K-1) results in a poor catalytic 
performance and compatibility at intermediate temperatures 193-197.   
 
Figure 2-14: EIS spectra of BSFN0.10 at different temperatures. (b) I-V curve of BSFNx at 700 oC, (c) Time-
dependent current density based on single-cell and (d) schematic illustration of dominant process. Reprinted with 
permission from Ref. 190. Copyright 2017 Elsevier 192. 
Yao et al. co-doped the Nb and W cations into the B-site of SF perovskite (SrW0.1Nb0.1Fe0.8O3-δ 
(SWNF)) and investigated their effects on thermal, electrochemical and electronic properties. The co-
doping of W/Nb increased the oxygen vacancy concentration - enhancing the ionic conductivity. 
However, the electrical conductivity of the material decreased dramatically compared to single-doped 
SrW0.2Fe0.8O3-δ (SWF) and SrNb0.2Fe0.8O3-δ (SNF) cathode materials. The average TEC of SWNT 
cathode (19.6 ×10-6 K-1) is larger than that of LSGM electrolytes between 30-1000 oC 198. Chen et al. 
addressed the TEC mismatch issue of SWNT cathode by replacing the W for Sc and prepared the 
SrSc0.175Nb0.025Fe0.8O3-δ (SSNF) perovskite cathode. The co-doping of Sc and Nb stabilized the 
tetragonal phase in P4/mmm space group 123 and exhibited a relatively acceptable TEC i.e. 16.2 ×10-
6 K-1 between 70 -900 oC.  Despite insufficient electrical conductivity, SSNF displayed a relatively 
comparable catalytic activity due to the synergistic doping effect of Sc and pentavalent Nb that 
Chapter 2 Literature Review 
34 | P a g e  
 
introduced oxygen nonstoichiometry defects 199.   
Composite cathodes 
Another strategy to enhance the electrocatalytic performance of cathodes through compositing. Here 
the ORR catalyst is composited with a second phase (usually YSZ, SDC GDC). This expands the 
TPB regions improving the ORR activity of the electrode. This increased TPB not only enhance the 
catalytic activity of cathodes but also improve the thermal and mechanical compatibility with the 
electrolyte materials 200.   
Yin et al. prepared a composite of Nd0.5Sr0.5Fe0.8Cu0.2O3-δ (SCFCu) cathode with a pure ionic phase 
xSm0.2Ce0.8O1.9 (SDC) and tested them for IT-SOFC. The optimized 40 wt.% fraction of SDC 
exhibited good chemical compatibility with the SCFCu cathode material.  The composite had a TEC 
of 13.2 ×10-6 K-1 which closely matchs SDC electrolyte TEC (12.6 ×10-6 K-1) at the same temperature. 
As expected, the electrical conductivity of composite cathode decreased with increasing wt. fraction 
of the SDC second phase that ascribed to the formation of oxygen vacancies that diminished the 
concentration of charge carrier. The SCFCu-40%SDC composite displayed a stable long-run 
performance for 370 h without noticeable cell degradation and maximum power density of 1231, 
1052, and 849 mW cm-2 at 800, 750, and 700 oC, respectively, in single-cell configuration using SDC 
electrolyte 201. Generally, composite materials increase the ionic conductivity of the cathode – which 
determines the overall efficiency of the cells. However, the catalytic performance of yttria and ceria-
based composites deteriorate with time due to the surface diffusion of reducible elements like ceria 
and zirconia in reducing atmosphere or in low oxygen partial pressure 202-204.  
2.4.4. Conclusion of section 2.3 
In summary, co-based perovskite oxides are regarded as the most promising cathode candidate due 
to their sufficiently high MIECs and superior catalytic performance for ORR activity for IT-SOFCs. 
However, there are numerous issues associated with the thermal expansion, structural and mechanical 
instability which limits the long-run applications of co-based cathode materials. Alkaline earth 
elements may increase the oxide ion conductivity – which predominantly determines the cell 
performance.  The redox activity of transition metals induces electrostatic strain that influences the 
diffusion and segregation of strontium to the surface. The Sr rich surface interacts with the gaseous 
feed and forms detrimental by-products such as SrCO3, Sr(OH)2, SrSO4, and SrCrO4 at temperature > 
500 °C.  
Some main categories of co-free perovskite cathodes such as Mn-based, Ni-based, and Fe-based 
oxides are discussed as potential candidates for LT-SOFC applications. However, iron-based SrFeO3-
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δ (SF) perovskite oxide will be discussed in detail, as this parent oxide has a sufficiently high ionic 
conductivity and acceptable electrical conductivity. However, its structural instability is the main 
concern that transforms from a cubic perovskite to orthorhombic brownmillerite at temperatures 
below 870 oC. The partial replacement of A-site and B-site with other cations is an efficient strategy 
to stabilize the structural phase and to improve the catalytic performance of iron-based cathode 
materials by enhancing their MIECs.  
Developing composite cathodes is a useful strategy to accelerate the electrochemical performance of 
cathodes at an intermediate temperature, in which two separate phases coexist independently and 
expand the electrochemically active regions for ORR activity. Other advantages of composite cathode 
include the thermal and mechanical compatibilities with electrolyte materials.  
2.5. Sensitivity to CO2 poisoning  
The undesirable effect of carbon dioxide (CO2) on the stability and performance of cathode at LT-
SOFCs operation is a serious concerned despite the low concentration (<1%) in ambient air 126, 205-
206.  The susceptibility of cathode materials to CO2 poisoning is predominantly related to the surface 
basicity. The oxygen permeability and surface exchange kinetics of alkaline earth elements containing 
perovskites are reduced significantly, in the presence of CO2 207-209.  
Two mechanisms explain the degradation of catalytic activity of cathodes in the CO2 containing 
atmosphere. In the first mechanism, CO2 is physically adsorbed on the active oxygen vacancies and 
blocks the TPBs for oxygen adsorption and dissociation, hence limiting the ORR activity. In the 
second mechanism, the CO2 chemically reacts with alkaline metal oxides and forms their carbonates 
at the surface that which leads to bulk material deterioration 70, 210. The carbonate phase formation 
alters the bulk stoichiometry and inhibits oxygen surface exchange kinetics - resulting in a rise of 
polarization resistance (RP) and long-term cell degradation 70, 211. The first mechanism is reversible, 
and the catalytic performance could be fully regenerate once the supply of CO2 is cut off. However, 
the second mechanism is irreversible below 550 oC as the BaCO3 and/or SrCO3 phases require 
temperatures higher than 800 oC to decompose  212-214.  
The (Ba, Sr)(Co, Fe)O3-δ cathode is most commonly used to investigate CO2 tolerance of cathode 
materials. Yan et al. found that short-term exposure of BSCF cathode in ~ 1% CO2 containing air 
mixture could decrease the power density of a single cell from 570 to 420 mW cm-2 at 600 oC. This 
substantial cell degradation is reported to be due to the formation of Ba- and Sr- carbonates at the 
surface. These carbonates reduce oxygen surface exchange kinetics, change the microstructure, and 
considerably impact the oxygen reduction activity of the cathode below 700 oC 215.   
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2.5.1. Strategies to improve CO2 resistivity  
In this section, multiple approaches are described to enhance the tolerance of cathode materials to 
CO2 poisoning, without sacrificing the catalytic activity of cathodes for IT -SOFCs. 
Acidic metal dopants  
Lewis acid-base theory is an important perspective for CO2 poisoning, where the metal oxide acts as 
base and CO2 as an acid. The inherent acidity of the A- and B-site cations are a descriptor that 
determines the CO2 tolerance of the perovskite cathodes. Thermodynamically, the stability of alkaline 
earth metals carbonate is evaluated by the Ellingham diagram (Figure 2-15) as a function of CO2 
partial pressure and temperature. This diagram indicates that BaCO3 is relatively stable and more 
readily formed than SrCO3 and CaCO3 - indicating that Ba-containing cathodes are more susceptible 
to CO2 133. Therefore, partial or complete replacement of Ba2+ with Sr2+, which is more acidic as 
compared to Ba, in the (Ba, Sr) (Co0.8Fe0.2) O3-δ cathode, could improve its tolerance against CO2 
poisoning and enhance the electrocatalytic performance in the CO2 environment (1% CO2) 216.   
Recently, B-site doping with dopants with characteristics such as high metal−oxygen bond energy 
(ABE), high valence state and high acidity has been widely used to enhance the CO2 tolerance 217-219. 
Yi. et al. examined the influence of cation substitution such as Nb5+ and Fe 3+ on the performance of 
Ba (Co, Nb, Fe) O3-δ cathode. Decreasing the Ba chemical potential concurrent with the depletion of 
Co; however, replacement of Co with Fe or Nb enhanced the electrode CO2 resistance. Furthermore, 
the Fe/Nb co-doping increases the oxygen stoichiometry and ORR activity 70. The acidic 
characteristics of Ta, Nb and Sc metals have been found to be effective in improving CO2 tolerance 
at intermediate temperatures.  The incorporation of the more acidic Ta cation into the B-site of Sr(Co, 
Fe)O3-δ not only improved the CO2 tolerance but also enhanced its catalytic performance 213, 220-221. 
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Figure 2-15: Ellingham diagram for the stability and decomposition of alkaline earth metals carbonate as a 
function of temperature and CO2 partial pressure. Reprinted with permission from Ref. 131. Copyright 2012 
Elsevier 133. 
Alkaline earth metal-free perovskite 
Doping of alkaline earth metals increases the ionic conductivity through the creation of oxygen 
vacancy concentrations which improves the ORR activity but often encourages surface and interface 
enrichment - resulting in cell degradation in long-run operations. One strategy to avoid the alkaline 
metal segregation is to decrease the dopant and host ionic radii size mismatch. For instance, 
replacement of Sr with the smaller Ca into Pr(Ba,Sr)Co2O5+δ, stabilized not only single-cell 
performance but also improve the CO2 tolerance at reduced temperatures 222. Because of surface 
segregation and carbonate formation problems related to alkaline earth metal-based oxides, many 
researchers are working to develop alkaline earth metal-free perovskite oxides. Chiba et al. reported 
LaNi0.6Fe0.4O3 a potential alkaline earth metal-free cathode perovskite because. The material had a 
good TEC (11.4 x 10 -6 K-1) and high electrical conductivity (580 S cm-1) at 800 oC. However, its 
structural stability and phase transformations at intermediate temperatures are major concerns 223-224.  
Infiltration/ impregnation techniques  
Infiltration/ and composite cathode techniques are mostly used as an effective way to improve CO2 
tolerance. A thin coating of another metal oxide on the core material can prevent direct CO2 attack 
and improves the long-term stability. Peng et al. investigated the effect of (La, Sr)MnO3-δ 
impregnation on a (Ba, Sr) (Co, Fe)O3-δ backbone material towards catalytic activity and CO2 
tolerance. He found that twice LSM-coated BSCF exhibits an excellent electrocatalytic performance 
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towards ORR activity at intermediate temperature keeping the thickness of the LSM coating to 40nm. 
The dense LSM layer prevents the carbonate formation on the BSCF surface which keeps the 
polarization resistance stable before and after a supply of 10 % CO2 225. Similarly, a thin LSM coating 
on LSCF also improved the polarization resistance in a CO2 atmosphere 226.  
 
Figure 2-16: Shell-core microstructure of the hierarchical shell of La2NiO4+ on the surface of BSCF substrate. 
Reprinted with permission from Ref. 225. Copyright 2012 Springer Nature 227. 
Zhou et al. fabricated a novel hierarchical shell (La2NiO4+) covered on a porous BSCF scaffold via 
the infiltration method that followed by microwave plasma treatment. The microwave plasma 
treatment sintered the LN shell in a few minutes - thus avoiding a chemical reaction between the LN 
infiltrate and the BSCF substrate materials. A needle-like 3D microstructure and continuous dense 
layer stabilized the ORR performance of the BSCF core material in a CO2 containing atmosphere. 
Figure 2-16 illustrates the schematic synthesis of the core-shell hierarchical composite by microwave 
plasma. This 3D hierarchical LN shell contributed the superior ORR performance with an ASR as 
low as 0.13 Ω cm2 at 575 °C, which is much better than the pristine BSCF 227.  
2.5.2. Conclusion of section 2.4 
In summary, alkaline earth metals containing perovskite oxides are more susceptible to CO2 poisoning 
due to the formation of carbonate at the surface at low temperatures. The alkaline earth carbonates 
are relatively stable at a temperature below 800 °C. Various strategies were discussed to avoid or 
suppress the problem of cathode poisoning. Increasing surface acidity is an effective strategy to 
improve CO2 tolerance. Recently, more attention is focused on core-shell composite material 
synthesis because this strategy not only addresses the CO2 poisoning problem but also accelerates the 
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oxygen surface exchange kinetics.         
2.6. Summary 
In this chapter, an overview of the SOFC and its components is provided, followed by a detailed 
discussion about cathode materials that included the understanding of the ORR mechanism as well 
as advances in developing the cathodes for IT-SOFC application. The sluggish ORR activity of some 
state of the art high-temperature cathodes can be enhanced by replacing single-phase materials with 
mixed ionic and electronic conductivities or by making a composite electrode by mixing of ionic 
conducting and electronic conducting phases that expand the TPB region throughout the electrode 
surface. 
Various MIECs perovskite oxides are potential IT-SOFC cathode candidates, including simple 
perovskites, double perovskites and Ruddlesden-Popper oxides. However, simple perovskite oxides 
are widely used for SOFC applications due to their cubic perovskite structure which exhibits less 
resistance for oxide ion diffusion. The structural stability and symmetry, TEC, ionic and electronic 
conductivities of cathode materials determine the efficiency of cells. Doping of the A- and B-site 
cations can enhance these properties of perovskite oxide. Electronic conductivities can be enhanced 
by increasing the reducible transition ions couple such as TMn+/TM(n+1)+. Vacancy mechanism is a 
dominant oxide ion conduction way in simple perovskite materials, whereas, interstitial oxygen 
mechanism controls the conduction process in Ruddlesden-Popper oxides.  
At intermediate temperatures, co-based perovskite oxide showed promise as a potential cathode 
material due to their high ionic and electronic conductivities. However, the mismatched TEC and 
chemical and structural incompatibility make them less suitable for IT-SOFC operation. Doping of 
the A- and B-site cation and fabrication of a mixed-based cathode can be a useful strategy to overcome 
these issues. SrFeO3-δ based perovskite oxides have been widely investigated as alternative cathodes 
for IT-SOFC due to their high ionic conductivities. Different strategies have been discussed to 
enhance the electronic conductivity and to stabilize the cubic perovskite structure of SF-based 
cathodes. Partial substitution of other reducible and fixed valence cations at the B-site is an efficient 
technique to enhance the electrocatalytic performance of iron-based cathodes for IT-SOFCs.   
Besides the poor ORR activity of cathodes at lower temperatures, one serious challenge is the 
susceptibility of cathode materials for CO2 poisoning. CO2 adsorbs or reacts with the alkaline metal 
oxide and forms carbonates on the surface. These carbonates such as BaCO3/SrCO3 decompose at a 
temperature of more than 845 °C, therefore at lower temperatures, the carbonates insulate the oxygen 
surface exchange activity and consequently increase the cathode polarization resistance. Recently, 
more research is focused on the development of composite cathodes to improve the CO2 tolerance of 
Chapter 2 Literature Review 
40 | P a g e  
 
cathode materials. Although some progress has been achieved to improve the catalytic performance 
and to understand the CO2 poisoning mechanism, it is still required extensive effort for stability and 
ORR activity improvement for large scale application of SOFC technology.      
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The perovskite cathode materials studied in this report were prepared via a conventional solid-state 
reaction method. This chapter highlights the general synthesis and testing procedures, more specific 
details are presented in the respective chapters.   
3.1 Cathode material synthesis 
A typical solid-state reaction route was applied to synthesize the targeted perovskite cathode materials. 
The stoichiometric amounts of metal oxide precursors such as metal oxides and carbonates were ball 
milled in ethanol using zirconia balls as the milling medium. After milling, the sample slurry was 
dried overnight, ground, pelletized (using a hydraulic press), and sintered at a high temperature for 
15 h. The pellets were subsequently fine ground using a pestle and mortar then sintered again for 15 
h.  
A solid-state preparation example for SrFe0.8Nb0.1Ta0.1O3- is given as follows: 
Stoichiometric amounts of SrCO3 (≥ 99.99 %), Fe2O3 (≥ 99.9 %), Ta2O5 (≥ 99.99+ %) and Nb2O5 (≥ 
99.99+ %), all from Sigma Aldrich, were ball milled in ethanol at 350 rpm for 3.0 hrs; followed by 
drying in an oven at 90 oC overnight. The dried sample was ground and pelletized at 25 MPa and 
sintered at 1250 oC for 15 h in stagnant air. Subsequently, the sample was ground using a mortar and 
pestle and sintered again at 1250 oC for 15 h after pelletizing.  
3.2 Electrochemical measurements 
3.2.1 Symmetric call preparation        
Electrochemical impedance spectroscopy (EIS) of symmetric cells was used to measure the 
polarization resistance (RP) of the cathodes. A symmetric cell consists of a dense electrolyte round 
disk coated on both sides with the porous cathode sample. The Ce0.8Sm0.2O2- (SDC) electrolyte disks 
were prepared by pressing the commercially available SDC powder at 15 MPa into a 15 mm disk. 
The disk was then densified by firing at 1400 oC for 5 h in stagnant air.  
The cathode ink was prepared by ball milling a mixture of 3.0 g cathode powder, 36 mL isopropanol 
(2-propanol) solvent, and 1.8 mL glycerol binder. The mixture was milled at 350 rpm for 30 min. 
This prepared ink was sprayed onto both sides of the dense electrolyte scaffold using a nitrogen-borne 
gun and subsequently calcined at 1000 oC for 2 h as shown in Figure 3-1. Finally, silver paste and 
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wires were applied onto both sides of the symmetric cell as the current collector.
 
Figure 3-1: A schematic diagram of the SDC symmetric cell with cathode coating 1. 
3.2.2 Anode supported single cells 
Anode supported single cells were used to evaluate the fuel cell performance of various cathode 
materials. In single-cell fabrication, anode and electrolyte powders were co-pressed into a dense pellet 
and followed by calcination at high temperature. The anode material was prepared by mixing the 
commercially available NiO, SDC electrolyte, and graphite pore former in a weight ratio of 6:4:1, 
respectively, and ball-milled in ethanol. The prepared cathode ink was sprayed onto the selected 
central area (0.225 cm2) of the dense electrolyte. The cathode was subsequently sintered at 1000 ⁰C 
for 2 h.  
For current-voltage (I-V) and corresponding power density measurements, the complete single cell 
was sealed onto one end of an alumina tube with silver paste keeping cathode to the outer side. The 
silver paste was used onto both anode and cathode sides for efficient current collection and silver four 
wires were used to connect the terminals as shown in Figure 3-2. I-V curve and cathode materials 
power density were evaluated in situ as a function of temperature using PGSTAT302N potentiostat 
fuel cell test station.  
The polarization resistance (RP) of various cathodes in a symmetric cell, as well as anode-support 
single-cell configuration, were measured by electrochemical impedance spectroscopy (EIS) in air and 
10 vol.% CO2 mixture at a temperature range 500-700 ⁰C. From the EIS spectra, the difference 
between the lower and high-frequency intercepts on the real axis determined the RP. The area-specific 
resistance (ASR) of cathode materials can be calculated as:  
                            ASR = RP ×  
𝐴
2
                                       (3.1) 
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Figure 3-2: Schematic configuration of an anode-supported single cell. 
3.2.3 Four-probe electrical conductivity measurement 
A standard 4-probe dc electrical conductivity test was used to measure the electrical conductivity of 
dense rectangular bars of the various cathode samples using a (PGSTAT302N) Autolab workstation. 
The sample was tested at 0 V at a rate of 0.01 V/s, and the current “I” was measured through the 
sample. The charge conductivity of the sample was calculated by the following equation:  
    σ =    
1
𝑉
   ×   𝐿
𝐴
     (3.2) 
Where L and A are the lengths and cross-sectional area of a rectangular bar, respectively.  
For preparing dense rectangular bars for 4-probe dc electrical conductivity measurement, cathode 
powder was ball milled at 380 rpm for 2 h in ethanol and then sieved ( 100) to obtain a uniform 
fine grains. The rectangular bar pellet of fine powder was prepared using hydraulic press followed by 
heat densification at 1250 oC for 4 h. All sides of the rectangular bar were polished to remove surface 
defects. Finally, after measuring the length (L) and width (W) and height (H) of the rectangular bar, 
four silver wires (2 at the edges and 2 along the length of the bar) were connected for the current 
collection (Figure 3-3). 
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Figure 3-3: A schematic configuration of the 4-probe electrical conductivity rectangular bar. 
3.2.4 Oxygen content stoichiometry 
The oxygen vacancy concentrations and average valence state of transition metal ions of various 
prepared cathodes at room temperature were calculated by iodometric titration 2. In this method, 100 
mg powder sample was dissolved in 50 mL solution of potassium iodide (KI, 2 g) and 15 mL of 2.5 
M HCl and followed by stirring until the powder sample was completely dissolved. This reddish-
brown solution was then titrated against 0.1 M solution of sodium thiosulphate (Na2S2O7). The starch 
solution was used as an indicator that confirms the completion of ORR activity by changing the color 
of the final solution.  
3.3 Powder Characterization 
3.3.1 Crystal structure and phase composition 
X-ray powder diffraction (XRPD), synchrotron powder x-ray diffraction (SXRPD), and neutron 
powder diffraction (NPD) give information about the crystalline structure and phase composition of 
various cathode materials at room temperature. XRPD measurements were recorded on Bruker D8 
and Rigaku Advanced diffractometer equipped with Cu-K radiation source (λ= 1.547 Å) in the 
angular range of 10o to 80o at a scan rate of 2o min-1.  
High-resolution SXRPD and NPD data were recorded at the Australian synchrotron beamline and 
ECHIDNA facilities at Australian nuclear science and technology organization (ANSTO) 3. LaB6 
NIST reference material 660b was used to determine the wavelength of neutron and synchrotron x-
ray sources. NPD scans were obtained in 6mm vanadium can in 5 - 165o angular range with a step 
Chapter 3 Methodology 
62 | P a g e  
 
size of 0.125o for 6 h, whereas SXRPD data were recorded over 10 - 80o in a 0.3 mm capillary tubes. 
Obtained crystal structure data were matched with the International Centre for Diffraction Data 
(ICDD) database using the Diffrac EVA software. GSAS-II software was employed to analyze the 
XRPD, NPD and SXRPD data against 𝑃𝑚3𝑚 cubic perovskite structure using Rietveld refinement 
program 4, 5.  
3.3.2 Thermogravimetric analysis (TGA) 
TGA involves the monitoring of oxygen contents change as a function temperature in the air using 
Perkin-Elmer 6000 Thermal Analyser. The mass of powder sample changes when the temperature 
increases gradually from room temperature to 900 oC at a rate of 5 oC min-1. Commonly, the initial 
drop in weight corresponds to water evaporation at temperature ≤ 200 oC, whereas, the second drop 
in weight at temperature > 200 oC is related to the release of oxygen from the lattice. Temperature 
dependant oxygen vacancies and oxidation state of transition metals were determined by TGA data, 
and the oxygen content calculated by iodometric titration at room temperature was used as the initial 
value 6, 7.    
3.3.3 Temperature programmed desorption (TPD) 
In TPD, the desorption behavior of targeted gases (O2 and CO2) was monitored against the increasing 
solid sample temperature in controlled manner up to 850 oC at a rate of 5 oC min-1. Inert He/Ar carrier 
gas (100 mL min-1) was used to transport the desorbed gases to the BelMass mass spectrometer for 
detection. The area under the TPD curve is proportional to the amount of adsorbate. The onset 
temperature (Tonset) value on the real axis is related to the activation energy (enthalpy) of desorption. 
Generally, a high value of the Tonset indicates difficult desorption from the sample surface, meaning a 
strong interaction (chemisorption) between adsorbed gases and the activated regions on the cathode 
surface, hence, limiting the ORR activity 8.     
3.3.4 Scanning/Transmission electron microscopy (SEM) & (TEM) 
The surface morphology and microstructure properties such as cathode thickness, TEC 
matched/mismatched and the shape of the particles were characterized using electron microscopy. A 
JEOL JSM field emission microscopes (6610, 7000F,7001F) and JEM (5000 HF, FEI F20) were used 
for SEM (operated at 15-20 kV) and TEM (operated at 200kV) characterizations, respectively. For 
elemental analysis, Oxford maxn energy dispersive spectroscopy (EDS) detector and X-ray 
photoelectron spectrometer (XPS; Kiratos Axis Ultra) equipped with Al-Kα radiation source at 150 
W are used. 
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 Single alkali-doped perovskites for LT-SOFC  
 
Introduction 
As mentioned in section 2.3.3, the structural stability and MIEC properties of perovskite cathodes 
can be improved by A- and B- site doping. The substitution of aliovalent cations at the A-site 
introduces charge imbalance in the lattice. The lattice structure stabilizes the charge imbalance either 
by creating oxygen vacancies or by oxidation of the B-site transition metal. This can improve the 
overall ORR catalytic activity. In this chapter, we substitute 5 mol% alkali metals (Li, K and Na) at 
the A-site of SFNT and investigated the doping effects on catalytic performance, structural stability 
and CO2 tolerance. 
Contributions 
Incorporating low-valent cations at the A-site of perovskite oxides are proved beneficial for creating 
oxygen vacancies and mixed valance transition metal (TMn+/TM(n+1)+) couples in the lattice due to 
charge imbalance. Herein, we substitute the 5 mol% monovalent alkali metals and synthesized cobalt-
free Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= Li, Na, and K) cathode materials and investigated their ORR 
performance at low-temperature  650 C. Our experimental results revealed that electrocatalytic 
activity of Li-doped SFNT (SLFNT5) cathodes surpass among all tested cathodes. The outstanding 
ORR enhancement predominantly originates from the in-situ formation of carbonates at the surface, 
which leads to a beneficial A-site deficiency in the cathode bulk at 600 C. The CO2 tolerance of the 
alkali metal-doped cathode materials is also boosted more than 4 times in comparison to pristine 
SFNT. This is attributed to an elevated O2 partial pressure during carbonation reaction at the surface. 
This chapter has been published in the ACS Applied Materials & Interfaces. A U Rehman, M. Li, R. 
Knibbe, M. S. Khan, V. K. Peterson, H. E. A. Brand, Z. Li, W. Zhou & Z. Zhu, Enhancing oxygen 
reduction reaction activity and CO2 tolerance of cathode for low-temperature solid oxide fuel cells 
by in-situ formation of carbonates. ACS App. Mat. & Int. 2019, 11, 26909–26919. 
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Enhancing oxygen reduction reaction activity and CO2 tolerance of cathode for 
low-temperature solid oxide fuel cells by in-situ formation of carbonates  
 
Ateeq Ur Rehman, Mengran Li, Ruth Knibbe, Muhammad Shirjeel Khan, Vanessa K. Peterson, Helen E. A. 
Brand, Zhiheng Li, Wei Zhou* & Zhonghua Zhu* 
Abstract 
Development of low-cost and cobalt-free efficient cathode materials for oxygen reduction reaction 
(ORR) remains one of the paramount motivations for material researchers at low temperatures (< 650 
ᵒC).    In particular, iron-based perovskite oxides show promise as electrocatalysts for ORR because 
Fe metal is cheaper and naturally abundant, exhibit matched thermal expansion with contacting 
components such as electrolyte and show high tolerance in CO2 containing atmosphere. Herein, we 
demonstrated a new mechanism, the in-situ formation of alkali metal carbonates at the cathode 
surface. This new mechanism leads to an efficient and robust cobalt-free electrocatalyst 
(Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-, SAFNT5, A= Li, Na, K) for the application of low-temperature solid 
oxide fuel cell (LT-SOFC). Our results revealed that the formation of Li\K carbonates boosts the ORR 
activity with an area-specific resistance (ASR) as low as 0.12 and 0.18 Ω.cm2 at 600 ᵒC, respectively, 
which are the highest performance of cobalt-free single-phase cathode that has been ever reported by 
far. We also find that the chemical stability and tolerance of tested cathodes towards CO2 poisoning 
significantly improved with alkali carbonates, as compared to the pristine SrFe0.8Nb0.1Ta0.1O3- 
(SFNT) at 600 ᵒC. This work demonstrates the conclusive role of alkali carbonates to develop highly 
efficient and stable cobalt-free cathodes for LT-SOFCs and CO2 neutralization.  
Keywords: Solid oxide fuel cells; cathodes; perovskites; CO2 tolerant; alkali metals; carbonates 
4.1 Introduction 
Slow activity towards oxygen reduction reaction (ORR) and high susceptibility to CO2 poisoning at 
a temperature below 650°C present serious challenges for the development of cathode materials for 
low-temperature solid oxide fuel cells (LT-SOFCs) 1-3. A myriad of materials, including perovskites, 
double perovskites, and Aurivillius oxides, have been explored as candidates for ORR catalysis at 
low temperatures 4-7. By far only cobalt-containing perovskite oxides are found to have sufficient 
catalytic efficiency for ORR at low temperature mainly due to their high mixed electronic and oxygen 
ionic conductivity 8-9. However, the cobalt-based cathode materials suffer from serious activity 
degradation problems in long-term operation due to their chemical instability, large thermal 
expansion mismatch with commonly used electrolytes (e.g. Gd0.1Ce0.9O1.95 (GDC) and Sm0.2Ce0.8O1.9 
(SDC)), and severe susceptibility to CO2 due to the existence of the basic alkaline-earth components 
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such as Sr.  Furthermore, the rocketing demand of cobalt oxide for lithium-ion batteries exponentially 
increase the cost of the cobalt 10-13. All these factors limit the practical application of cobalt-based 
cathodes for LT-SOFCs and raise the demand for the development of efficient and robust cobalt-free 
cathodes.   
Cobalt-free iron-based perovskites promise to circumvent the challenges of cobalt-based perovskites. 
Iron has higher bond energy (Fe-O) that can lower surface basicity14-15. Such lower basicity has been 
demonstrated effective in improving the stability of cathodes in CO2 atmosphere 16. Additionally, 
iron-based perovskites offer the possibility to lower coefficients of thermal expansion to match with 
other cell components, improve cost-effectiveness (i.e. the cost of iron is 10 times cheaper than cobalt) 
and reduce material toxicity. All these attributes make the iron-based perovskite suitable for large-
scale deployment of LT-SOFCs 17-18. Nevertheless, most of the current iron-based perovskites have 
unacceptably low ORR activity at low temperatures in comparison to cobalt-based perovskites 18-20. 
The ORR activity of the iron-based cathodes can be improved through either composite cathode 
development or composition engineering over single-phase materials 21-24. In addition, introducing 
defects such as cation deficiency and oxygen vacancies are also beneficial in promoting mixed 
conductivities through increasing the population charge carriers 25-26. Incorporating low-valent cations 
such as Sr2+ or Ba2+ at the A-site can create either oxygen vacancies or mixed-valence metal couples 
(e.g. Fe3+/Fe4+) in the lattice through introducing charge imbalance 27-29. However, introducing 
divalent elements into cobalt-free iron-based materials seems not as effective as into cobalt-based 
materials in promoting oxygen vacancies for ion conduction 30-31. It has also been reported that alkali 
metal carbonates enhance oxygen ion conductivity and oxygen molecule permeability in cathode 
membrane at SOFC operating temperatures 32-33, so it is possible that alkali-metal carbonates formed 
at the cathode surface in the absence of CO2 can enhance ORR catalytic stability by increasing the 
surface ionic conductivity and oxygen surface exchange kinetics 34-37. Therefore, incorporating 
monovalent alkali metals in cobalt-free iron-based perovskite cathodes should further improve the 
ORR activity and CO2 tolerance at reduced temperature, though few researchers have investigated 
the effects of alkali metals on oxides in ORR catalysis for LT-SOFC applications. 
Here, we report the high-performance cobalt-free cathode materials Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= 
Li, Na, and K) with high structural stability and reaches an area-specific resistance (ASR) as low as 
0.12 Ω.cm2 at 600 oC for Li-doped perovskite, at-least 2-3 times smaller than the reported Fe-based 
SOFCs at low temperature. Joint analysis of neutron and synchrotron x-ray powder diffraction data 
demonstrates the successful insertion of the small ionic radii Li dopant into the lattice structure. The 
comprehensive experimental investigation conducted in this work highlights the crucial role of alkali 
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metal dopants especially Li and K in creating oxygen vacancies and A-site deficiency through the in-
situ formation of carbonate at the surface. It also significantly boosts the CO2 tolerance of the pristine 
perovskite cathode by over four times in the presence of 10% CO2, which allows a much more robust 
single-cell operation in CO2 at 600°C.   
4.2 Experimental section 
4.2.1 Sample synthesis 
The SAFNT5 (A = Li, K, Na) cathode materials were prepared via a solid-state reaction mechanism. 
Stoichiometric amounts of Li2/K2/Na2-(CO3), SrCO3, Fe2O3, Nb2O5, and Ta2O5, all in high purity (≥ 
99.99%, Sigma Aldrich), were ball milled at 350 rpm for 3 h in ethanol. After drying the mixture 
overnight, the samples were pelletized and sintered in air at 1250 oC for 15 h. Subsequently, after fine 
grinding the pellets, sintering was repeated for another 15 h at 1250 oC to ensure complete mixing 
and reaction. The resultant powder aggregates Sr0.95Li0.05Fe0.8Nb0.1Ta0.1O3- (SLFNT5), 
Sr0.95K0.05Fe0.8Nb0.1Ta0.1O3- (SKFNT5), and Sr0.95Na0.05Fe0.8Nb0.1Ta0.1O3- (SNFNT5) were then well 
ground into a fine powder. Alkali metal-free SrFe0.8Nb0.1Ta0.1O3-(SFNT) and A-site 5% deficient 
Sr0.95Fe0.8Nb0.1Ta0.1O3-(SFNT95) reference samples were also prepared through a similar synthesis 
method.  
4.2.2 SOFC cell fabrication 
Cathode powder (1.5 g) was ball milled in glycerol (0.9 ml) and isopropanol (18 ml) to prepare the 
cathode ink. The cathode ink was used to fabricate both the symmetrical cell and anode-support single 
cell. 
To prepare the symmetrical cell, the cathode ink was sprayed on both sides of a dense SDC electrolyte 
disk using N2 as spraying medium and subsequently sintered at 1000 oC for 2 h in stagnant air. The 
silver paste was painted onto both sides of the calcined symmetric cell to ensure even current 
collection and distribution. 
Anode supported single cells with configuration NiO-SDCSDC (~8 μm)SAFNT5 (A=Li, Na, K) 
were prepared by co-pressing the anode and electrolyte composite at 5-6 MPa as the substrate. The 
co-pressed substrate was densified by sintered at 1450 oC for 4 h. Anode was synthesized by mixing 
the commercial NiO, electrolyte and graphite pore former in a stoichiometric ratio of 6:4:1, 
respectively, then ball milling for 22 h in ethanol medium. Cathode ink was sprayed on the central 
surface of SDC electrolyte than sintered at 1000 oC for 3 h. 
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4.2.3 Electrochemical characterizations 
EIS measurements were performed to evaluate the electrocatalytic activity of synthesized cathode 
materials in the air between 700 and 500 oC and cathode poisoning tolerance in a supply of a 10% 
CO2 gas mixture at 600 oC. The cathode polarization resistance of the various symmetric cells was 
measured by electrochemical impedance spectroscopy (EIS) measurements using a Metrohm 
PGSTAT302N potentiostat at 0.0 V voltage between the frequency range of 104 Hz to 10 mHz. 
A 4-probe DC method was used to test the electrical conductivity of prepared samples in a flowing 
air using a Metrohm Autolab PGSTAT302N. For this work, dense rectangular bars of the pure cathode 
material was synthesized. The bars were prepared by pressing the ultra-fine cathode powder at 16 
MPa followed by calcination at 1250 oC in stagnant air for 4 h. Subsequently, after polishing the 
surfaces of bars, four silver current and voltage electrodes wires were attached for electrical 
conductivity measurements. 
The oxygen vacancy concentration and average Fe oxidation state in the synthesized samples were 
calculated by iodometric titration 66-67. In this method, sodium thiosulphate aqueous solution of 0.10 
M was prepared by dissolving stoichiometric amounts of Na2S2O3.5H2O (≥ 99.999 %, Sigma Aldrich) 
in freshly boiled water. To maintain a solution pH above 7, 0.3 g of sodium carbonate was dissolved 
in the solution. The prepared solution was then calibrated against the potassium iodate solution (0.1 
g KIO3 + 2 g KI) and repeated this calibration three times for accuracy. The molar concentration of 
the sodium thiosulphate was calculated as 0.1005 M, which was used to titrate the SAFNT5 (A=Li, 
K, Na) samples. 
Thermogravimetric analysis (TGA) was performed to examine the changes in oxygen vacancies of 
powder samples using a Perkin-Elmer 6000 Simultaneous Thermal Analyzer. Approximately 90-100 
mg of powder samples were used and samples were initially heated at 200 oC for 2 h to remove 
moisture and then heated to 800 oC at 5 oC/min using air (flow rate 20mL/min) as a purge gas. Above 
200 oC, the oxygen vacancy () and Fe average oxidation state (Z), which is the result of weight loss 
from the sample, can be calculated by using the following: 10   
                                                    𝑛 = 𝑚𝑜/𝑀𝑜 =
𝑚𝑇
𝑀𝑜−(𝑇−𝑜)𝑀(𝑂)
                                           (4.1) 
In equation (4.1), Mo and o are the sample molecular weight and oxygen vacancies as estimated by 
using iodometric titration method, where mo and mT are the initial and temperature T mass as 
measured by TGA, and T is the oxygen vacancy at temperature T. The iron oxidation state can be 
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measured by equation (4.2), in which Y is the constitution of A-site dopants.  
                                                     𝑍 =  
1.5+0.5𝑌−𝑇
0.4
                                                           (4.2) 
 
The oxygen desorption patterns of synthesized materials were investigated by oxygen temperature-
programmed desorption (O2-TPD) from 50 to 800 oC at 5 oC/min. Argon was used to transport the 
desorbed oxygen from the samples and a BelMass spectrometer was used to translate the signals. 
4.2.4 Crystal structure and phase composition 
The crystal structure and phase composition of cathode materials were studied by laboratory X-ray 
powder diffraction (XRPD), neutron powder diffraction (NPD) and synchrotron X-ray powder 
diffraction (SXRPD).  
XRPD measurements were performed using a Bruker D8 Advance diffractometer operating with Cu-
K (= 1.54 Å) radiation. The XRPD data for SFNT, SFNT95 and SAFNT5 (A= Li, Na, K) samples 
were obtained at room temperature in the angular range 20o  2  80o with a step size of 0.1o. Rietveld 
analysis of these data was performed using the GSAS-II software and data could be indexed to a 
𝑃𝑚3̅𝑚 cubic perovskite structural model 68-69. Weak diffraction peaks unindexed by this structural 
model were observed at attributed to Cu-K and WL-1 wavelength contamination. Parameters such 
as background coefficient, zero offset, atomic displacement (Uiso), lattice parameter, and peak shape 
parameters were refined, while the site occupancy factors (SOFs) were kept fix.  
NPD pattern was collected using ECHIDNA diffractometer, at the Australian Nuclear Science and 
Technology Organization (ANSTO).70 High-resolution NPD data were obtained over the angular 
range of 5-164o 2 with a step size of 0.125o in a 6 mm vanadium can for 6 h. SXRPD data were 
obtained at the Powder Diffraction beamline at the Australian Synchrotron for samples diluted with 
the diamond in a 50:50 weight ratio to reduce the absorption, using 0.3 mm capillaries. The La11B6 
NIST standard reference material (SRM) was used to determine the wavelength of neutron and 
synchrotron X-rays as 1.6218(2) Å and 0.8275(4) Å, respectively. Rietveld refinement was performed 
jointly against both NPD and SXRPD data using the GSAS-II software for SFNT and SLFNT5 
samples. Data could be indexed to the 𝑃𝑚3̅𝑚 cubic perovskite structural model 68-69. The refined 
parameters included the background parameters, zero shifts, peak shape parameters, site occupancies 
(SOFs), atomic displacement parameters (Uiso), and lattice parameters. 
4.2.5 Cell microstructure  
Cell microstructures were examined using a tungsten (W) mounted filament JEOL 6610 scanning 
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electron microscopy (SEM). Secondary electron micrographs were collected using the secondary 
electron detector operated at 8 kV. X-ray photoelectron spectroscopy (XPS) data was used to quantify 
the surface segregation of doped elements and oxygen high-resolution spectroscopy determined the 
element oxidation state. 
4.3 Results and discussions 
4.3.1 Crystal structure characterization 
 
Figure 4-1: Rietveld refinement profiles using X-ray powder diffraction (XRPD) data for SrFe0.8Nb0.1Ta0.1O3-δ, 
Sr0.95Fe0.8Nb0.1Ta0.1O3-δ, and Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= Li, Na, and K) at room temperature. Unindexed 
reflections denoted by () and () are associated with Cu and WL1 spectral contaminant, respectively.  
Rietveld analysis of X-ray powder diffraction (XRPD) data reveals that all the samples, including 
SrFe0.8Nb0.1Ta0.1O3-δ (SFNT), Sr0.95Fe0.8Nb0.1Ta0.1O3-δ (SFNT95), and Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ 
(A= Li, Na, and K) are a pure cubic phase with 𝑃𝑚3𝑚 space group (Figure 4-1). The electrostatic 
repulsion between the high valence Nb5+ and Ta5+ cations at the B-site stabilizes the cubic phase and 
limits excessive oxygen loss from the lattice, restricting the formation of the unwanted brownmillerite 
structure 10, 38-39. The high crystal symmetry of the cubic perovskite structure improves the mixed 
electronic and ionic conductivities, likely enhancing the electroactivity towards the ORR. The lattice 
constant, as estimated from the Rietveld refinement of XRD results (Table S4-1, the goodness of fit 
is in between 2.38-3.75, wR is 7.31%-8.89%), increases in the order SLFNT5 (3.9210(2) Å) < 
SNFNT5 (3.9279(5) Å) < SFNT (3.9295(4) Å) < SKFNT5 (3.9323(4) Å). This trend is attributed to 
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the size difference of A-site cations, which increases following the order Li+ (0.92 Å) < Na+ (1.39 Å) 
< Sr2+ (1.44 Å) < K+ (1.64 Å).  
 
Figure 4-2: Rietveld refinement profiles for SFNT and SLFNT5 samples using joint (a,c) neutron powder 
diffraction (NPD) and (b,d) synchrotron XRPD data at room temperature, respectively. 
The ionic radius of Li+ is only 0.92 Å, which according to the Pauling rule is too small to support the 
lattice. However, Li+ can still be inserted into A-sites either electrochemically or thermally, as 
previously reported 40-42. Joint Rietveld analysis using synchrotron XRPD and NPD data of SFNT 
and SLFNT5 samples (Figure 4-2 and Table 4-1) reveals that both samples are in pure cubic 
perovskite phase and that 3.9(8)% Li was successfully substituted at the Sr-site in SLFNT5. The 
incorporation of Li at the Sr site also increases the oxygen vacancy (i.e. oxygen site inoccupancy) 
from 3.4(1) to 5.6(5)%. This analysis confirms the SFNT as SrFe0.8(2)Nb0.15(2)Ta0.07(1)O2.898(9) and 
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Table 4-1: Crystal-structural details of SFNT and SLFNT5 from joint Rietveld analysis of NPD and SXRPD data. 
Uiso = isotropic atomic displacement parameter. 
 
4.3.2 Oxygen vacancies and oxygen desorption behavior 
A high oxygen ionic conductivity is crucial for ORR catalysis. Generally, disordered oxygen 
vacancies result in higher ionic conductivities of electrodes materials 10. Thermogravimetric analysis 
(TGA) was conducted to investigate the oxygen vacancy () against the weight change of the 
specimens as a function of temperature (Figure 4-3) and the vacancy concentration of the samples at 
room temperature was estimated through iodometric titration (Figure S4-1). The oxygen vacancy of 
SFNT and SLFNT5 estimated from titration is 0.0840.014 and 0.1580.0024, respectively, in 
agreement with that determined from NPD and synchrotron XRPD (3(1)% cf. 3.4(1)% for SFNT and 
5.3(8)% cf. 5.6(5)% for SLFNT5 from titration and diffraction, respectively). O2 temperature-
programmed desorption (O2-TPD) revealed that no oxygen was released below 300 oC from any of 
the tested samples (Figure 4-3d) and we, therefore, treated all samples for TGA at 200 oC for 2h to 
remove moisture. Additionally, the onset temperature for weight loss (Figure 4-3a) is similar to the 
temperature of oxygen release signal (Figure 4-3d), and it is, therefore, reasonable to assume that 
mass change > 200 oC arises from oxygen loss. The estimated oxygen vacancy at room temperature 
can be used as an initial oxygen vacancy at 200 oC, and oxygen vacancy of samples at higher 
temperatures was calculated using equation (1) with results presented in Figure 4-3b. It is clearly 
observed that oxygen vacancy is created for all tested samples with increasing temperature and that 
oxygen vacancy > 350 oC decreases follow the trend:  SLFNT5  SKFNT5  SNFNT5  SFNT95  
SFNT. Therefore, we demonstrate that monovalent alkali metal doping can increase the concentration 
of oxygen vacancy in the lattice at SOFC operating temperature, which benefits oxygen ion transport 
Sample Atom Site x y z Occupancy Uiso (Å2) 
SFNT Sr 1a 0 0 0 1.000 0.01718(21) 
Fe 1b 0.5 0.5 0.5 0.773(16)a 0.01035(21)b 
Nb 1b 0.5 0.5 0.5 0.159(23)a 0.01035(21)b 
Ta 1b 0.5 0.5 0.5 0.069(7)a 0.01035(21)b 
O 3c 0 0.5 0.5 0.966(3) 0.03041(31)  
Overall Goodness of Fit = 3.18, wR = 4.34% 
NPD histogram: wR= 4.40%, RF2= 5.31%  
SXRPD histogram: wR= 4.32%, RF2= 4.59%  
SLFNT5 Sr 1a 0 0 0 0.961(8)a 0.01266(19)b 
Li 1a 0 0 0 0.039 (8)a 0.01266(19)b 
Fe 1b 0.5 0.5 0.5 0.793(34)a 0.01144(20)b 
Nb 1b 0.5 0.5 0.5 0.117(52)a 0.01144(20)b 
Ta 1b 0.5 0.5 0.5 0.090(19)a 0.01144(20)b 
O 3c 0 0.5 0.5 0.944(8) 0.02845(31) 
Overall Goodness of Fit = 2.97, wR = 3.91% 
NPD histogram: wR= 3.97%, RF2= 5.38%  
SXRPD histogram: wR= 3.92%, RF2= 4.41%  
a
 Constrained the sum to unity, 
b Constrained to be the same. 
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in the lattice.  
 
Figure 4-3: TGA analysis showing (a) weight percentage, (b) oxygen vacancy (), (c) average Fe oxidation state 
and (d) oxygen-temperature-programmed desorption (O2-TPD) profiles of SFNT, SFNT95, SAFNT5, (A= Li, Na, 
K)at different temperatures. 
The average valence state of Fe was estimated at room temperature (line graph, Figure S4-1) and as 
a function of temperature (calculated using equation (4.2)) as shown in Figure 4-3(c). The valence of 
Fe starts to decrease with temperature > 350 oC, which associates with the oxygen vacancies 
formation. Additionally, the average Fe valence is lowered by the alkali dopants in comparison with 
the pristine SFNT and A-site deficient SFNT95 materials. This highlights the essential role of alkali 
dopants in modulating the Fe valence. Our previous work has demonstrated that the dopant 
electronegativity is a key factor influencing the average B-site valence of SC-based perovskites 39. 
Similarly, the electronegativity of Li+, Na+, and K+ dopants are 0.99, 0.98, and 0.93, respectively, 
which are all lower than that of Sr2+ of 1.03 43. The lower electronegativity of dopants weakens the 
ability of their neighboring oxygen atoms to pull electrons from the neighboring Fe atoms, in turn 
increasing electron density at the Fe atom, as reflected by a relatively low average Fe valence (Figure 
4-3c).  
It is important to note that we estimated the oxygen vacancy and iron valence by assuming their 
composition remains the same during the thermal treatment. This might cause a slight deviation from 
the true value especially for samples with varied compositions under treatment. Considering the 
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minor doping level of alkali metals, nevertheless, the results should be sufficient to provide useful 
information related to the oxygen vacancy and iron valence change with time. 
4.3.3 Electrical conductivity 
 
  
Figure 4-4: Electrical conductivity of SFNT, SFNT95, and SAFNT5 (A= Li, Na, K) as a function of temperature. 
Figure 4-4 compares the electrical conductivity of samples, measured by using a typical four-probe 
direct current (DC) method, over 300 to 800 ᵒC. The total conductivity is a combination of ionic and 
electronic conductivity, where electronic conductivity dominates because its value is normally one 
order of magnitude than the ionic conductivity 44-45. Figure 4-4 shows that the conductivity of all 
samples increased with increasing temperature and decreased with further increase in temperature. 
The increased electrical conductivity is attributed to the thermally-activated disproportionation 
reaction (Equation (4.3)), which increases the charge carrier concentration 46-47.   
                                                     2 Fe+3 = Fe+2 + Fe+4                                            (4.3) 
The decrease of conductivity at elevated temperature is mainly attributed to the formation of oxygen 
vacancies, which diminish the charge carriers 48. Similar electrical conduction behavior have also 
been reported elsewhere for SrFeO3-δ-based perovskites.46-47 Above 500 oC, the electrical 
conductivity decrease in the order SFNT95 > SLFNT5 > SFNT > SNFNT5 > SKFNT5. The relatively 
low electrical conductivity of Na- and K-doped samples is mainly due to the higher oxygen vacancies 
that reduce the charge carriers of electronic conduction (Figure 4-3b). In contrast, the Li-doped 
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sample exhibits an even higher electrical conductivity than pristine SFNT. As A-site deficient 
SFNT95 sample exhibits the highest electrical conductivity, it indicates the crucial role of deficiency 
in improving electrical conductivity. Further, the difference in onset temperature for oxygen vacancy 
to increase ( ~350°C, Figure 4-3(d)) and for electrical conductivity to decrease (~ 510 °C) also 
highlights the formation of A-site deficiency in SLFNT that likely facilitated the formation of oxygen 
vacancy without diminishing the charge carriers. Therefore, it is likely that the coexistence of 
deficiency (imparted because of the smaller size of Li+) and Li substitution contributes to the 
relatively higher electrical conductivity of SLFNT5 sample as compared to other analogues.  
4.3.4 Surface chemistry and morphology after CO2 treatment 
We analyzed the surface chemistry and morphology of samples before and after pure CO2 treatment 
to investigate the carbonate formation at the surface. By comparing the O1s X-ray photoelectron 
spectroscopy (XPS) data (Figure S4-2), we found that SrCO3 (with an O1s feature at ~ 530.8 eV) was 
more prone to form in the presence of CO2 for SFNT and SKFNT5 in comparison to SNFNT5 and 
SLFNT5, which can be explained by the high basicity of the K and Sr at the surface. In the absence 
of CO2, some of the Na and K species at the material surface are in the peroxide form Na2O2, as 
evidenced by the O1s feature at ~ 532.8 eV, or as the sesquioxide K2O3, as shown by the O1s feature 
at ~ 532 eV, respectively 49-50. After CO2 treatment, alkali metal carbonates form at the surface, such 
as Li2CO3 (as evidenced by the O1s feature in the XPS data at ~ 531.9 eV), NaHCO3 (as evidenced 
by the O1s peak at ~ 531.5 eV), and KHCO3 (O1s peaks at ~ 531.7 and ~ 533.1 eV), as shown in 
Figure S4-2 51. The bicarbonate is formed because of carbonate hydration during specimen transfer 
for XPS characterization.  
 
Figure 4-5: Estimated Sr/Fe and dopant/Fe surface atomic ratio, derived from a general XPS scan (Figure S4-3) 
for alkali-doped perovskites before and after CO2 treatment at 600 ᵒC. 
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General XPS analysis before and after CO2 treatment at 600 ᵒC provides additional information on 
the surface chemistry of the samples. From Figure 4-5, significant phase segregation is observed for 
samples after CO2 treatment, especially for those containing alkali dopants. More specifically, the 
extent of phase segregation increases in the order: K (K/Fe ratio increased by 6.7) > Li (Li/Fe 
increased by 4.6) > Na (Na/Fe increased by 1.9). A-site cation segregation can be driven either by 
elastic effects due to the dopant/host A-site cation size mismatch or by electrostatic attraction with 
the surface 52. The ionic radius of Li+ (VIII), Na+ (XII), K+(XII) is 0.92, 1.39, and 1.64 Å, respectively, 
which is 0.638, 0.965, and 1.139 times that for Sr2+(XII). Therefore, the significant size mismatch of 
Li with Sr leads to increased segregation of doped Li compared to Na and K doped samples before 
CO2 treatment, whereas, the K doped SKFNT5 sample exhibits the most significant segregation in 
the presence of CO2. The migration of alkali dopants to the material surface can lead to A-site 
deficiency left in the bulk. The A-site deficiency, as demonstrated by SFNT95, could benefit the 
formation of oxygen vacancies (Figure 4-3b) or/and enhancement of the electronic conductivity 
(Figure 4-4) in alkali doped cathodes.  
 
 
Figure 4-6: Scanning electron micrographs of the top surface of dense pellets of SFNT, SLFNT5, SNFNT5, and 
SKFNT5 before and after CO2 treatment at 600 °C. 
Figure 4-6 shows the surface of dense pellets of pristine and alkali-doped perovskites before and after 
the CO2 treatment at 600 °C for 2 h. Small bright particles observed on the SFNT surface are attributed 
to SrCO3, whose poor electrical conductivity could lead to charging effects. In contrast, the SLFNT5 
surface roughened after CO2 treatment, indicating possible lithium carbonate formation. The Na-
doped sample (SNFNT5) exhibits particles on the treated surface attributed to sodium carbonate, 
while SKFNT5 exhibits much smaller particles than on the Li- and Na-doped sample surfaces. The 
corresponding Energy-dispersive X-ray spectrum (EDX) of samples, Figure S4-4, show the evidence 
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that the alkali metals such as Na and K diffused to the surface (Li cannot be detected by EDS detector), 
which are consistent with our XPS results. 
4.3.5 ORR Electrocatalytic activity 
 
Figure 4-7: (a) ASR of SFNT, SFNT95, and SAFNT5 (A= Li, Na, K) as a function of temperature in a symmetrical 
cell configuration with dense SDC electrolyte in air. (b) Comparison of ASR of SLFNT5 sample (Red) with cobalt-
free cathodes at 550 to 700 oC (1) La1.2Sr0.8NiO4 (LSN)53; (2) SrNb0.2Fe0.8O3 (SNF0.2)54; (3) SrSc0.175Nb0.025Fe0.8O3 
(SSNF)55; (4) La0.8Sr0.2Zn0.2Fe0.8O3 (LSZF)56; (5) SrFe0.9Hf0.1O3 (SFHf)18; (6) Cu1.4Mn1.6O4 (CMO)57; (7) 
PrLa0.4Ba0.6Fe0.8Zn0.2O5 (PLBFZ)58; (8) Nd0.5Sr0.5Fe0.8Cu0.2O3 (NSFC)59; (9) Bi0.5Sr0.5Fe0.8Cu0.2O3 (BSFC)60 and (10) 
BaFe0.9Bi0.1O3 (BFB10)61. 
Electrochemical impedance spectroscopy (EIS) measurement was used to evaluate the cathode 
performance based on a symmetrical cell configuration at 500-700 ᵒC in air. During cathode 
fabrication, CO2 was generated by burning out organic solvent and binder from the silver paste, 
leading to the segregation of Li and K phases in SLFNT5 and SKFNT5. The ASR is the key parameter 
characterizing electroactivity, with lower values indicating higher electro-catalytic activity. The ASR 
was determined by the difference of the intercepts of the EIS with the real axis (ZR), and an example 
is shown for the Li-doped sample at 600 and 550 ᵒC in Figure S4-5(b). Given the good chemical 
compatibility and adherence with the Sm0.2Ce0.8O1.9 (SDC) electrolyte (Figure S4-5a) and the similar 
cathode thicknesses in the symmetric cell (Figure S4-6), we believe that the observed ASR truly 
reflects the intrinsic ORR activity of the tested materials.  
All the alkali doped samples exhibit lower ASR values than the pristine SFNT material below 550 °C 
(Figure 4-7a). The activation energy of the cathodes decreases in the order: SFNT > SFNT95 > 
SLFNT5 > SNFNT5 > SKFNT5, where lower activation energy means a more efficient ORR 
electrocatalysis at a lower temperature. Therefore, for the first time, we demonstrate in this work that 
monovalent alkali metal doping in SFNT can improve ORR electroactivity at low temperatures. Such 
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beneficial effects of alkali dopants are likely related to the formation of oxygen vacancy because of 
the less electronegative monovalent dopants and residual A-site deficiency creation as introduced by 
in-situ formation of carbonate. More importantly, the Li-doped sample has the best ORR activity, 
exhibiting a remarkably low ASR of ~ 0.12 Ω.cm2. This is not only better than all the tested samples 
but to the best of our knowledge surpasses all the reported cobalt-free, iron-based perovskite ORR 
cathodes (Figure 4-7b).  
We further compared the ORR mechanism of the cathodes by fitting the EIS data using an equivalent 
circuit model that consists of two dominant processes. The process at high frequency (HF) likely 
related to charge transfer (i.e. Oads+2e’+VO••↔Oox). The process at low frequency (LF) corresponds 
to non-charge-transfer, which is related to processes such as oxygen adsorption, diffusion and 
dissociation.38, 62. Nyquist plots and the fitted curve (solid lines) for all the cathodes tested at 600 oC 
are presented in Figure S4-7. Table 4-2 summarizes the polarization resistances of these two processes, 
as estimated from the equivalent circuit fitting. Notably, we found that the SFNT95, SLFNT5, and 
SKFNT5 show similar mechanisms. The dominant ORR processes for these three samples vary with 
temperature: at a higher temperature (> 600 oC) the charge-transfer process is dominant, while non-
charge-transfer processes dominate at low temperature. A similar ORR mechanism for these three 
samples suggests the possible carbonate formation on Li and K-doped samples, which lead to the 
formation of A-site deficiencies.  In contrast, SFNT and SNFNT5 exhibit a different mechanism: the 
processes related to non-charge-transfer are dominant throughout the tested temperature range.  
By comparing the LF and HF polarisation resistances, we observed significantly more efficient non-
charge-transfer processes at a reduced temperature for alkali-doped samples than for the pristine 
SFNT material, although the kinetics of charge-transfer for SFNT > 550 oC are slightly better than 
that for other perovskite cathodes. Since non-charge-transfer processes dominate the catalysis of the 
ORR at reduced temperature, we attribute the improved ORR performance of the alkali-doped 
samples at lower temperatures predominantly to the enhanced non-charge-transfer processes. 
Provided the similar ORR mechanism between Li-doped, K-doped and A-site deficient samples, the 
better cathode performance of Li/ K-doped samples than Na-doped sample likely arise from the same 
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Table 4-2: ASRs at both high frequency (HF) and low frequency (LF) for SFNT, SFNT95 and SAFNT5 (A=Li, Na, 
K) by equivalent circuit fitting model. 



















700 0.018 0.029 0.024 0.002 0.045 0.043 0.005 0.006 0.092 0.01 
650 0.011 0.06 0.059 0.08 0.038 0.122 0.04 0.008 0.16 0.11 
600 0.033 0.063 0.016 0.028 0.041 0.272 0.088 0.104 0.329 0.137 
550 0.053 0.073 0.124 0.124 0.074 0.867 0.325 0.195 0.746 0.344 
500 0.275 0.145 0.199 0.61 0.13 2.827 1.310 0.706 1.99 1.11 
 
4.3.6 CO2 tolerance 
 
Figure 4-8: (a) The ratio of final to initial ASR for SFNT and SAFNT5 (A= Li, Na, K) in 10% CO2 mixture in air. 
(b) A comparison of the cathode degradation for the current and previously reported state-of-the-art cathodes at 
600 ᵒC 23, 63-64 Impedance spectra of （c） SFNT and (d) SLFNT5 cathodes at 600 ᵒC after exposure to air and in 
10% CO2 and the subsequent removal of CO2 after 2h.   
When 10% CO2 is introduced, Figure 4-8(a), the relative ASR of all the samples increased due to the 
interaction of CO2 to form carbonate. The pristine SFNT was the most susceptible to CO2, with a ~ 
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13.6 -fold increase in the ASR after only 35 min in the CO2-containing atmosphere. In contrast, the 
alkali metal-doped cathodes show excellent CO2 poisoning tolerance with less than a 3-fold increase 
in the ASR even after 1 h in 10% CO2 gas mixture. The CO2 tolerance of these alkali-metal doped 
cathodes is significantly better than other highly active state-of-the-art cathodes, such as 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and SrCo0.85Ta0.15O3-δ. (Figure 4-8b) 23, 63-64. Importantly, after switching the 
10% CO2 back to airflow, the ORR performance of tested cathodes not only recovers for Na/K doped 
samples (Figure S4-8) but also becomes even better for Li-doped sample, Figure 4-8 (c-d). The further 
enhanced ORR performance for SLFNT when switched back to air also highlights the significant role 
of in-situ carbonation of Li that promotes A-site deficiency in the bulk. Additionally, the enhanced 
CO2 tolerance of Na/K incorporated samples can also be ascribed to the reaction of peroxide or 
sesquioxide (explained in XPS section) with the CO2 to release oxygen. As such, the carbonation of 
peroxides and sesquioxides could raise the oxygen partial pressure (pO2), forming an ‘oxygen cloud’ 
at the cathode surface, shown by a schematic diagram in Figure 4-9, and contribute to the surface 
exchange process in the CO2 containing environment.  
 
Figure 4-9: A schematic of the mechanism of enhanced CO2 tolerance for Na- and K-doped samples. 
Moreover, we compared the cathodic performance of our best sample, SLFNT5, with the pristine 
SFNT material in single fuel cells using the Ni-SDC│SDC ( 8 m)│cathode ( 16 m) 
configuration at 500-700 oC and results are shown in Figure 4-10(a-b). At 700, 650, 600, 550 and 500 
oC, the single-cell performance (i.e. current density and power density) of SLFNT5 (Figure 4-10(b)) 
as the cathode shows a peak power density of ~ 1.33, 1.19, 1.02, 0.74 and 0.41 W.cm-2, respectively 
with OCV more than 0.8V. The cell (SLFNT5) shows a decent performance at 600 oC, which is ~ 
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108% higher than obtained for pristine SFNT (~ 0.49 W.cm-2). Overall, the single-cell performance 
of SLFNT5-based cell is even higher than the targeted requirement of 0.5 W.cm-2, proposing the 
prospect of operation even below 550 oC 1, 65. Cross-sectional micrographs of the anode supported 
SFNT and SLFNT5 based single cells are shown in Figure S4-9. 
We also monitored the power density of the fuel cells as a function of time at 600 oC in 10% CO2 and 
results are presented in Figure 4-10(c). In the absence of CO2, the power density of the cell with 
SLFNT5 and SFNT is fairly stable over 2 h at 0.446 and 0.265 W.cm-2, respectively. When CO2 is 
introduced, the power density of both SLFNT5 and SFNT samples dropped within 1 min to 0.44 and 
0.258 W·cm-2, respectively. The cell performance of SFNT kept degrading even after 48 h at a rate 
of ~ -1.441×10-6W.cm-2h-1. In contrast, the single-cell performance with SLFNT5 as cathode showed 
a much more stable performance at a degradation rate of ~ -8.1×10-12 W.cm-2h-1. Although the power 
density (performance) of the cell with SLFNT5 degraded by ~ 1.8% (initial 0.446 W.cm-2 – final 
0.438 W.cm-2) in the presence of CO2, such degradation is ~ 84% less than that of SFNT (~ 11%) for 
48h operation. Therefore, we demonstrate that the SLFNT5 material is a promising candidate for 
practical applications as a SOFC cathode capable of long-run operation. 
  
Figure 4-10: (a-b) Single-cell performance ((I-V; left y-axis) and (I-P; right y-axis)) of SFNT and SLFNT5, 
respectively, at 700, 650, 600, 550 and 500 oC (c) Stability test results for SFNT and SLFNT5│SDC│Ni-SDC single 
cell in 10% CO2 at 600 oC for 50 h. 
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4.4 Conclusions 
In summary, we successfully synthesized the cobalt-free SrFe0.8Nb0.1Ta0.1O3-δ, Sr0.95Fe0.8Nb0.1Ta0.1O3-
δ, and novel alkali-metal-doped Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3-δ (A= Li, Na, and K) perovskite oxides, 
and evaluated them as cathode materials for oxygen reduction reaction (ORR) electrocatalysis at low 
operating temperature (< 700 ᵒC). We found that the incorporation of the monovalent alkali metals 
improves the ORR electrocatalytic activity at a lower temperature, leading to a remarkably low ASR 
of ~0.12 Ω.cm2 and ~0.18 Ω.cm2 for Li- and K-doped perovskites, respectively, at 600 ᵒC in air, based 
on a symmetrical cell configuration. The outstanding ORR enhancement predominantly originates 
from the in-situ formation of carbonate at the surface, which leads to the beneficial A-site deficiency 
in the cathode bulk. Additionally, the cathode tolerance against 10% CO2 at 600 ᵒC is boosted by 
more than 4 times by alkali-metal doping, likely as a result of the release of O2 during carbonation of 
alkali metal peroxide and sesquioxide at the cathode surface for Na/K-doped samples and the high 
oxygen ionic conductivity of the resulting alkali-metal carbonates. This work not only demonstrates 
a new in-situ carbonate formation mechanism that leads to significant enhancement of catalytic 
activity but also offers an effective strategy to develop the next generation of robust mixed conductors 
for important solid oxide cell applications such as power generation, water splitting and CO2 
electrolysis. 
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4.5 Supplementary Information 
Table S4-1: Crystallographic analysis of as-prepared cathodes obtained from Rietveld analysis using XRPD data. 
SOF = site occupancy factor, Uiso = isotropic atomic displacement parameter, GOF = Goodness of Fit. 
      SFNT SFNT95 SLFNT5 SNFNT5 SKFNT5 










Sr 1a 0 0 0 1/0.95 0.406(3) 0.136(6) 0.404(6)a 0.105(7)a 0.334(3)a 
Li/Na/K 1a 0 0 0 0.05 - - 0.404(6)a 0.105(7)a 0.334(3)a 
Fe 1b 0.5 0.5 0.5 0.8 0.232(3)b 0.103(1)b 0.113(8)b 0.156(9)b 0.218(6)b 
Nb 1b 0.5 0.5 0.5 0.1 0.232(3)b 0.103(1)b 0.113(8)b 0.156(9)b 0.218(6)b 
Ta 1b 0.5 0.5 0.5 0.1 0.232(3)b 0.103(1)b 0.113(8)b 0.156(9)b 0.218(6)b 
O 3c 0 0.5 0.5 1 0.533(3) 0.239(2) 0.865(2) 0.323(6) 0.507(9) 
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Figure S4-2: O1s high-resolution XRP data for SFNT and SAFNT5 (A=Li, K, Na) before (a-d) and after (e-h) CO2 





Figure S4-3: XPS general scan data of SAFNT5 (A=Li, K, Na) before (a-c) and after CO2 treatment (d-f) at 600 oC 
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Figure S4-5: (a) Room-temperature XRPD patterns of SAFNT5 (A= Li, K, Na) + SDC treated at 1000 °C for 4 h, 
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Figure S4-7: (a-e) Nyquist plots for SFNT, SFNT95, and SAFNT5 (A=Li, Na, K) symmetrical cells and the 
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 Comparative study to optimize the Li-doped level 
 
Introduction 
In chapter 4, we found that the 5 mol% Li-doped SFNT perovskite cathode (SLFNT5) exhibits a 
superior electrocatalytic activity compared to SKFNT5, SNFNT5 and pristine SFNT cathodes. 
Therefore, in this chapter we investigate the effect of “Li” substitution in detail including Li optimal 
constitution level; doping effect on MIECs properties of various electrodes; structural stability and 
catalytic performance for ORR activity.  
Contributions 
In this chapter, a comparative study of Sr1-xLixFe0.8Nb0.1Ta0.1O3-δ (x= 0 - 0.1) was conducted to 
investigate the doping effect of small Li+ cation on the electrocatalytic activity for ORR. The 
comprehensive experimental results revealed that the molar concentration of  Li  0.05 not only 
stabilizes the cubic perovskite structure but also improves the ORR activity of perovskite oxides by 
over 1.6 times in both the symmetric cell and the anode supported single-cell configurations below 
600 C. This comparable electrocatalytic performance of the synthesized iron-based electrode is 
attributed to the lower electronegativity and smaller ionic size of the Li dopant compared to the Sr2+ 
host. This doping generates oxygen vacancies and A-site deficiencies in the bulk material. This 
chapter has been published in ChemElectroChem: A. U. Rehman, M. Li., R. Knibbe, M. S. Khan, W. 
Zhou & Z. Zhu, Unveiling lithium roles in cobalt-free cathodes for efficient oxygen reduction reaction 
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Unveiling lithium roles in cobalt-free cathodes for efficient oxygen 
reduction reaction below 600°C 
Ateeq Ur Rehman, Mengran Li*, Ruth Knibbe, M. Shirjeel Khan, Wei Zhou & Zhonghua Zhu* 
Abstract 
Improving the sluggish electrocatalytic oxygen reduction reaction (ORR) over cobalt-free cathodes 
at 550-800 °C is imperative to circumvent challenges faced by practical operation of intermediate 
temperature solid oxide fuel cells. In this work, we synthesize novel cobalt-free, lithium (Li)-doped, 
perovskite oxides Sr1-xLixFe0.8Nb0.1Ta0.1O3- (SLFNTx, x=0-0.1) as cathodes for efficient ORR 
catalysis. When the Li concentration is less than 0.05, ORR activity is enhanced by over 1.6-fold in 
comparison to the undoped SFNT at below 600 °C in both symmetrical and anode-supported single 
cells configurations. Our comprehensive investigation over crystal structure, surface, and mixed 
conductivities revealed that a moderate concentration (< 0.05) of Li could bestow the perovskite with 
a stable cubic perovskite structure that contains an optimal concentration of oxygen vacancies and A-
site deficiencies. Such a trend originates from the lower electronegativity and smaller size of Li 
dopant than the strontium host. The lower electronegativity increases oxygen vacancies. The small 
Li dopant induces the thermal-migration of Li species and creates A-site deficiency. These insights 
highlight an effective strategy to advance the performance of cobalt-free ORR electrocatalyst at below 
600 °C by through in-situ thermal surface migration of the A-site cations. 
Keywords: Cobalt free, Perovskite, Lithium, Oxygen Reduction Reaction, Solid oxide fuel cells 
5.1 Introduction 
A solid oxide fuel cell (SOFC) converts the chemical energy of various fuels such as hydrogen and 
hydrocarbons into electricity with a very high efficiency 1, 2. SOFCs are typically operated at high 
temperatures ( 800 oC), but there is a push to drive this operation temperature down to an 
intermediate-range (550-800 oC). These cells are known as intermediate temperature SOFCs (IT-
SOFCs). Lowering the operating temperature could improve sealing, accelerate start-up/shutdown 
procedures, and allow the use of relatively cheap materials for the balance of plant 3, 4. However, 
sluggish oxygen reduction reaction (ORR) kinetics of the cathode in the IT range severely decreases 
power density 5. Cobalt-containing perovskite oxides such as SrCo0.8Nb0.1Ta0.1O3-δ have attracted 
immense research interest as potential IT-SOFC cathodes because of their high mixed ionic and 
electronic conductivities (MIECs) 6-12. High MIECs can extend the ORR active sites to the entire 
cathode surface, significantly improving the catalytic activity of the cathode materials at reduced 
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temperature. However, the high cost of cobalt, mismatched thermal expansion coefficients (TECs) 
with ceria-based electrolytes, and chemical incompatibility with zirconium-based electrolytes are the 
major concerns for the practical application of cobalt-containing perovskites in IT-SOFCs 13-15. 
Ferrite-based perovskites, especially the cubic-structured SrFeO3- (SF)-based perovskites, are 
promising cobalt-free cathode materials. The high natural abundance of iron means they are relatively 
inexpensive and have a good thermal expansion match with the electrolytes 16-19. The cubic SF 
structure can be stabilized with rare earth metals such as Bi3+, Sm3+, La3+ at the A-site (Sr-site) and 
transition metals such as Ti3+, Mn3+, Ta5+, Nb5+, Hf4+, W5+, etc. at the B-site (Fe-site) 19-23. However, because 
of their lower MIECs SF-based cathodes normally exhibit a lower ORR activity than Co-based 
cathodes in the IT range 24, 25. To circumvent these challenges, charge imbalance could be introduced 
at the A-site through incorporating low-valent cations such as alkali metals. Alternatively, A-site 
deficiencies can be created, which can either increase the concentration of oxygen vacancies or 
promote charge hopping sites (e.g. mixed-valent metal couples such as Fe3+/Fe4+) 26-29. In our recent 
work, a synergistic effect was observed from both the doped monovalent Li or K ions and the A-site 
deficiency,  which bestows the pristine SrFe0.8Nb0.1Ta0.1O3-δ perovskite with a remarkably high ORR 
activity even comparable to the benchmark cobalt-containing Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite at IT 
30. In particular, we found that the size mismatch of Li+ (0.92 Å) dopant with the Sr2+ (1.64 Å) host 
could also render a significant amount of Li+ migrating to the surface and creating A-site deficiency 
in the bulk at high temperature. Although such migration induces further charge imbalance in the 
oxides, it could also have a significant impact on the cathode surface and the crystal structure integrity, 
with both being crucial for an optimal ORR activity.   
In this present work, we conducted a comprehensive investigation regarding the effects of Li on the 
ORR-related properties of the cobalt-free SrFe0.8Nb0.1Ta0.1O3-δ (SFNT) perovskite oxide. The A-site 
Li-doping is increased from 0 to 0.10 for the Sr1-xLixFe0.8Nb0.1Ta0.1O3-δ (x= 0, 0.025, 0.05, 0.075, 0.10) 
phase. Our results show that increasing Li doping increases oxygen vacancy and electrical 
conductivity of the SFNT perovskite oxides at 500°C - 700 °C when the Li concentration is below 
0.05.  This leads to an ORR activity enhancement that outperforms most of the reported cobalt-free 
iron-based cathodes. The samples have been characterized using X-ray diffraction, iodometric 
titration, X-ray photoelectron spectroscopy, thermogravimetric analysis, and electrical conductivity 
testing. The ORR enhancement for moderate Li concentrations is attributed to the stable cubic 
perovskite structure; an optimal oxygen vacancy concentration and A-site deficiency. These changes 
are caused by the lower electronegativity and smaller size of Li as compared to the host Sr.    
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5.2 Experimental section  
5.2.1 Sample synthesis 
The powders of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (SLFNTx, 0  x  0.1) and SrFe0.8Nb0.1Ta0.1O3- (SFNT) 
cathode materials were all synthesized through a typical solid-state reaction mechanism and the 
synthesis details can be found in our previous work 30. The finally prepared powder samples were 
referenced as Sr0.975Li0.025Fe0.8Nb0.1Ta0.1O3- (SLFNT25), Sr0.95Li0.05Fe0.8Nb0.1Ta0.1O3- (SLFNT50), 
Sr0.925Li0.075Fe0.8Nb0.1Ta0.1O3- (SLFNT75) and Sr0.9Li0.1Fe0.8Nb0.1Ta0.1O3- (SLFNT100).   
5.2.2 Characterization  
The crystal structure of SLFNTx (x=0-0.1) cathodes were investigated by laboratory X-ray powder 
diffraction (XRPD) technique using Rigaku Advanced diffractometer operates with filtered Cu-K 
(1.54 Å) radiation source. The diffraction data were obtained at room temperature in the range of 20 
o  2  80o with the scan rate of 0.2o/min. TOPAS 4.2 software was used for Rietveld analysis of 
these data using LaFeO3, 𝑃𝑚3̅𝑚 cubic perovskite, as an initial structural model 8, 31. The refined 
parameters included the peak shape, lattice parameter, background parameters, zero onset, site 
occupancies (SOFs) and atomic displacement parameters (Uiso) 31. The crystalline morphology of 
SLFNT50 powders was also characterized by a transmission electron microscopy (FEI, F-20) 
operating at 200 kV. 
5.2.3 Oxygen non-stoichiometry measurements  
The room temperature oxygen non-stoichiometry and average oxidation state of Fe in SLFNTx (x=0-
0.1) oxides were estimated by iodometric titration 32, 33. About  0.115 g of powder sample, dissolved 
in 4.0 M HCl solution in an argon atmosphere, was titrated against  0.1 M aqueous solution of 
sodium thiosulphate.  The starch solution was used to confirm the complete titration i.e. colour 
changes from reddish-brown to light yellow.  
Thermogravimetry analysis (TGA) was performed on Perkin-Elmer (6000 STA) to investigate the 
weight loss of powder samples as a function of temperature change. Approximately 100-110 mg of 
sample was loaded in a temperature-controlled furnace for data collection. Sample temperature was 
maintained at 200 oC for 1 h to completely remove the moisture contents and then gradually heated 
to 800 oC at a rate of 10 oC.min-1, using air (flow rate 20mL.min-1) as a purge gas. The reduction 
behavior of transition metals such as iron in oxides is studied by oxygen temperature-programmed 
desorption (O2-TPD) from room temperature to 800 oC at a rate of 15 oC.min-1. Pure argon (Ar; 
99.99%) with a flow rate of 15 mL.min-1 (STP) was used as the carrier gas to transport the desorbed 
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oxygen from the samples. 
Equation (5.1) was used to calculate the oxygen vacancy concentration of all the tested samples at 
temperature  200 °C. 
                                  𝑇 =     
𝑀𝑐(𝑚𝑜 − 𝑚𝑇)
M(O) 𝑚𝑜
+ 𝑜                                                   (5.1) 
Where M(O), Mc and o are the oxygen molecular weight, sample molecular weight and oxygen 
vacancies as estimated by iodometric titration, respectively. The mo, mT and T are the initial mass, 
mass at temperature ‘T’ (measured by TGA results) and oxygen vacancy concentration at target 
temperature T, respectively.32 
The surface morphology and cross-sectional interface microstructures of cells were studied by 
scanning electron microscopy (SEM; JEOL 6610) at 15 kV applied potential. X-ray photoelectron 
spectroscopy (XPS) scans were carried out on Kratos Axis Ultra spectrometric with Al Kα (1,486.8 
eV) radiation source at 150 W. The deconvolution of XPS data were analysed via CasaXPS program 
with a Shirley background subtraction method.        
5.2.4 Symmetrical & single-cell fabrication 
Cathode ink was synthesized by mixing the fine cathode powders (1.55 g), glycerol (1 ml), and 
ethanol (17 ml) followed by a ball mill at 250 rpm for 30 min. The prepared cathode ink was used to 
spray coat onto the SDC electrolyte and electrolyte side of the single-cell using N2 gas, followed by 
sintering at 1000 oC for 4 h in non-flowing air. Silver paste and wires were for efficient current 
collection and distribution.   
The anode supported single cells were prepared by co-pressing the Ni-SDC anode and SDC 
electrolyte at 10-12 MPa pressure followed by sintering at 1450 oC for 4 h (details in supporting 
information) 6.  
The electrical conductivity of dense bar (12.4 7.1 2.2 mm) samples was measured by a 4-terminal 
direct current (DC) method in the air at 300-800 oC using a Metrohm Autolab potentiostat. Ultra-fine 
cathode powders of cathodes were pressed at 16 MPa pressure to prepare the testing rectangular 
pellets and then calcinated at 1200 oC for 4 h. Four silver wires were connected as voltage and current 
electrodes for conductivity measurements. 
Chapter 5 Comparative study to optimize Li-doping level  
99 | P a g e  
 
5.3  Results and discussions 
5.3.1 Crystal structures and compositions 
The crystal structure of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (SLFNTx, 0  x  0.1) was evaluated by X-ray 
powder diffraction (XRPD) patterns, as shown in Figure 5-1(a). All the major diffraction peaks are 
well indexed according to the cubic perovskite phase (similar to lanthanum ferrite; LaFeO3) with 
𝑃𝑚3̅𝑚 space group (#221) in all the samples, which is consistent with other reports 6, 34-36. However, 
the XRPD patterns of the samples with a lithium doping of x  0.075 also contain a secondary phase 
similar to the Sr2Fe2O5 phase, denoted by () at 31.74 o and 44.51°. From the scale factors of the main 
cubic perovskite and impurity (brownmillerite phase), the relative amount of Sr2Fe2O5 was 
determined to be 4.3(5)%. This is similar to values reported for different materials with A-site cation 
dopants e.g. Pr1-xCaxFe0.8Ni0.2O3 (PCFN), La1-xCaxFeO3- (LCF), etc 36-38. The main primitive cubic 
phase structure of the x = 0.05 sample was further confirmed by the high-resolution transmission 
electron microscopy (HR-TEM). Figure S5-1 shows a high-resolution image with an (110) interplanar 
spacing of the 2.78 Å. According to Pauling's second rule, the structural stability of the cubic 
perovskite phase is only preserved if the cation-anion radius ratio (r+/r-) is more than 0.732. The r+/r- 
is only 0.657 for Li+/O2-, so Li+ is not entirely suitable to support the cubic lattice structure. 
Nevertheless, the SrFe0.8Nb0.1Ta0.1O3-δ can still tolerate a relatively low content of Li < 0.05 at A-site, 
as confirmed by our recent work 30. However, a high concentration (> 0.05) of Li+ at the A-site 
destabilizes the beneficial cubic structure. This, in turn, encourages exsolution to form the observed 
additional A2B2O5 phase. 
 
Figure 5-1: (a) XRPD patterns for Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0-0.1) at room temperature. The peaks denoted 
with (*) are associated with CuKβ radiations, (b) Enlarged view of XRD pattern in the 2 range of 30-35o. 
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Interestingly, the characteristic cubic structure peaks shift towards a higher diffraction angle with an 
increasing Li+ concentration (Figure 5-1b) - indicating a lattice parameter reduction. Further, Rietveld 
refinement of the XRPD data (goodness of fit varies from 4–7 and wR is in between 3% -3.9%), as 
shown in Figure S5-2 and Table 5-1, further confirm this trend. The lattice parameter reduction 
originates from the incorporation of the smaller Li+ into the Sr2+ host. In addition, the oxygen vacancy 
increases with increasing Li concentration to compensate for the charge imbalance. This is confirmed 
by iodometric titration (Table 5-1) which shows that the averaged iron valence in the oxides decreases 
with increasing Li concentration. The electronegativity measures the tendency of an atom to attract 
electrons. The relative lower electronegativity of doped Li elevates the electron density cloud around 
the Fe atoms, which decreases the average iron valence in the oxides. This, in turn, encourages the 
formation of oxygen vacancies 30. 
Table 5-1: Crystallographic details of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0-0.1) from Rietveld analysis using XRPD data, 
oxygen deficiency () and Fe charge balance (Z) at room temperature. 
x a (Å) V (Å3)  Z 
0 3.922(5) 60.35 0.08(7) 3.54(2) 
0.025 3.921(1) 60.28 0.10(2) 3.52(6) 
0.050 3.917(4) 60.11 0.11(9) 3.51(5) 
0.075 3.912(3) 59.91 0.14(1) 3.49(3) 
0.10 3.907(7) 59.58 0.17(1) 3.45(1) 
 
5.3.2 Surface chemistry and microstructures 
XPS general scan (Figure S5-3) was used to quantify the surface segregation of SLFNTx (x = 0-0.1) samples and 
results are presented in Table 5-2. At the surface of Li-doped samples, the Li concentration is over 8 times higher 
than the Sr concentration, and the Li/Sr ratio increases with Li doping level before and after heat treatment at 600 
C.  The size mismatch between the A-site host and dopant cations contribute significantly to the segregation of 
dopant cations at the surface of the perovskite materials. The driving force for this segregation is either due to a) an 
elastic lattice effect or b) electrostatic interactions of the surface.36 The ionic radius of the dopant Li+ is 0.92 Å, 
which is 0.638 times the ionic radii of host Sr2+ (1.44 Å). This substantial size mismatch between Li and Sr decreases 
the free energy (lattice strain, surface bond breaking) of the surrounding lattice, which drives the in-situ diffusion 
of Li+ to the oxide surface, resulting in a partial A-site deficiency in the bulk.37, 38  
The iron valence state at the surface of the Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) samples were determined by 
deconvoluting the high-resolution X-ray photoelectron spectroscopy (XPS) spectra of Fe2p regions, as shown in 
Figure 5-2. There predominately Fe3+ and Fe4+ species at the surface. The fitted peaks at  710.3 eV and 723.7 eV 
correspond to the Fe2p3/2 and Fe2p1/2 for Fe3+, respectively, which is confirmed by the characteristic shake-up at 
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about 719.9 eV.23, 39 The peaks at  712.4 eV and  725.9 eV are assigned to Fe4+ in the Fe2p3/2 and Fe2p1/2 regions, 
respectively.23 When Li is introduced, the relative Fe content (vs. A-site cations such as Sr and/or Li) at the surface 
significantly drops from 43.7% to 4.59-6.34%. The Fe3+/Fe4+ and Fe average valence as estimated from the XPS 
results are listed in Table 5-2. The average Fe valence at the surface decreases as the Li concentration increases. 
This is attributed to the lowered overall positive charges induced by the increasing surface Li/Sr ratio. This further 
confirms the role of the relatively low electronegative Li in the reduction of the iron valence. 
 
Figure 5-2: The fitted XPS spectra of Fe2p region for Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0-0.1). 















SLFNT25 8.06 8.17 3.55 1.19 
SLFNT50 9.18 9.86 3.50 1.01 
SLFNT75 9.47 9.88 3.47 0.87 
SLFNT100 9.58 9.94 3.42 0.72 
 
SEM images shown in Figure 5-3 compares the surface morphology of the SFNT and SLFNT50 samples. These 
were both quenched to room temperature after heating in air at 600 °C for 4 h. The treated SFNT has a smooth 
surface consisting of large grains (Figure 5-3a), while the treated SLFNT50 (Figure 5-3b) has evenly distributed 
nanoparticles at the surface of the grains. These bright nanoparticles were formed due to the Li segregation from 
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the bulk, which agrees well with the XPS results after heat treatment shown in Table 5-2. Our recent work has 
confirmed that such Li diffusion induces the formation of A-site deficiency in the bulk, which is beneficial for the 
ORR catalysis. 30 The surface morphology of other Li-doped samples in Figure S5-4 further confirms the Li 
segregation at the surface.  
 
Figure 5-3: SEM images of (a) SFNT and (b) SLFNT50 dense pallets quenched at 600oC. 
5.3.3 Oxygen vacancies and electrical conductivity 
The degree of oxygen non-stoichiometry, which reflects the oxygen vacancy concentrations, is a determining factor 
for oxygen-ion conduction in the oxide 40. Thermogravimetry analysis (TGA) was used to investigate the thermal 
dependence of oxygen vacancy concentration () for the Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) materials between 
200 °C and 800 °C in air. As shown in Figure 5-4(a), the mass of all the oxides decreased with temperature. The 
weight loss is mainly ascribed to the release of oxygen from the lattice (i.e. the formation of oxygen vacancies) as 
all the moisture is removed at 200 °C.  This can be confirmed by the similar onset temperature for the released 
oxygen signals as recorded by O2-desorption mass spectroscopy (Figure 5-4b). In general, the onset temperature for 
oxygen release for Li-doped samples shown in Figure 5-4(b) decreased by ~ 50 °C as compared to the pristine SFNT 
oxide. Such reduced onset temperature highlights the essential role of Li to lower the activation energy of the 
formation of oxygen vacancies, which could benefit a fast oxygen ion migration in the lattice. 
Considering that the oxygen vacancies were formed at temperatures over 200 °C, (Figure 5-4b) we believe the 
oxygen vacancy concentration for all the tested samples at room temperature should be similar to those at 200 °C. 
Therefore, we compared the oxygen vacancy concentration as a function of the temperature from 200 °C. Figure 5-
4(a) shows that all the samples lost their weight with temperature, indicating an easy formation of oxygen vacancies 
at high temperatures. Notably, introducing Li increased the oxygen vacancy concentration at high temperatures at 
which the IT-SOFC operates. At 550 °C - 800 °C, for instance, the oxygen vacancy level increases following the 
trend: SFNT < SLFNT100 ≈ SLFNT75 < SLFNT25 < SLFNT50. Although the oxygen vacancy at room temperature 
increases with Li content, an optimal Li concentration at 0.05 exists for the maximum oxygen vacancy at the IT-
SOFC operating temperature.  
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Figure 5-4: Thermal dependency for (a)%age of weight change and oxygen non-stoichiometry (; dotted line), (b) 
oxygen temperature-programmed desorption (O2-TPD) patterns for Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0-0.1) cathodes. 
Due to the significant Li/Sr size mismatch, Li species can easily migrate from the bulk lattice to the surface and 
create deficiencies at the A-site in the bulk lattice. The formed A-site deficiency could either create oxygen 
vacancies, due to the decrease of overall cationic charge or destabilize the ORR-beneficial cubic crystal structures, 
due to the further lowered r+/r- ratio. The destabilization thereby may degrade the concentration of A-site deficiency. 
Obviously, such thermal-driven Li migration promotes oxygen vacancies when the Li content is < 0.05 but reduces 
the oxygen vacancies of samples over 0.05 Li content through destabilizing the cubic crystal structure. The structure 
destabilization can be confirmed through high temperature (i.e. 600 C) XRPD patterns as shown in Figure 5-5. The 
exsolution of the second phase is more obvious at higher Li concentrations.    
 
Figure 5-5: High-temperature XRPD patterns for Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0.025-0.1) at 600 °C. 
Sufficient electrical conductivity of cathode is important to ensure an efficient current collection with a 
minimal ohmic cell resistance. Figure 5-6 compares the electrical conductivity () of the SLFNTx (x=0-0.1) 
oxides as a function of temperature from 300 to 800 °C in air. Generally, the electrical conductivity comprises 
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of both electronic and ionic conductivities, with the electronic conductivity dominating the overall 
conductivity 22, 41, 42.  Figure 5-6(a) shows that all the oxides follow a typical semi-conductor behavior at 
temperatures lower than 525 °C (i.e.  increases with temperature), and a metallic conducting behavior at 
higher temperatures (i.e.  decreases with temperature) 31, 43. The linear relationship between ln(Tσ) and 1/T 
at temperatures below 525 °C as presented in Figure 5-6(b) indicates that all the tested oxides underwent a 
thermally activated polaron hopping mechanism 26. In contrast, at higher temperatures, the conductivity 
decreases due to the thermal reduction of Fe4+ to Fe3+ cations which is coupled with the formation of oxygen 
vacancies (VO) and a reduction of holes (h) as explained by equation (5.2) 
44. This is confirmed by the similar 
onset temperatures for SFNT oxides to release oxygen and to reduce the electrical conductivity. However, 
these two onset temperatures are different over Li-doped samples: oxygen starts to desorb at ~ 300 °C while 
the decrease of electrical conductivity begins at 525 °C. Such difference could be explained by the 
composition-induced formation of oxygen vacancy, which is mainly driven by the Li migration and does not 
require a hole reduction in the lattice.  
                             Oo




O2(g)                                          (5.2) 
Where Oo
x , h∙ and Vo
∙∙ denote the lattice oxygen, electronic hole, and oxygen vacancy, respectively. 
Moreover, the conductivity of the SLFNTx cathodes increases with Li concentrations up to 0.05, with a peak 
conductivity of 17.8 S. cm-1 for SLFNT50. SLFNT50 also has the lowest activation energy of 9.4 kJ mol-1 for 
the hopping process (Figure 5-6b). The observed trend of electrical conductivity is therefore related to the A-
site deficiency. The cation deficiency lowers the overall positive charge, which will be compensated by both a 
slight increase of the local Fe valence and an increase in oxygen vacancies. The former will promote the mixed-
valence iron couples that could contribute to the observed improved electrical conductivity. The optimal 
concentration of A-site deficiency in SLFNT50 is likely to be the main reason for its high electrical 
conductivity.  
 
Figure 5-6: (a) Electrical conductivity () of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) materials against temperature, 
(b) Arrhenius plot of conductivity. 
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5.3.4 Catalytic activity for ORR 
The ORR catalytic activities of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) cathodes were evaluated by 
electrochemical impedance spectroscopy (EIS) in a symmetric cell configuration with Sm0.2Ce0.8O1.9 
(SDC) as the electrolyte. The polarization ASR of the cathode material, which characterizes the 
electrocatalytic performance of cathodes, was determined from the difference of impedance spectrum 
intercepts with the real axis (ZR). A low ASR value indicates a high ORR catalytic activity. An 
example of Nyquist plots of as-prepared samples at 600 °C is presented in Figure S5-7(a). The 
cathode thicknesses were controlled to approximately 20-22 m (Figure S5-5) for all the tested 
samples to rule out the potential impacts from microstructural differences. We also investigated the 
chemical compatibility of the tested cathode materials with the SDC electrolyte using XRD 
characterization of mixtures of cathode and SDC powders (50:50 wt%) calcined at 1000 °C for 4 h. 
No additional phases were identified, meaning that all the tested cathode materials are chemically 
compatible with the SDC electrolyte (Figure S5-6a). 
Figure 5-7 (a, b) shows the ASR values of SLFNTx (x=0-0.1) as a function of temperature between 
700-500 oC under open-circuit voltage (OCV). We observed that ASRs obviously drop with Li-doping 
up to 0.05 and increase with further substitution of Li (Figure 5-7b). At 600 °C, the ORR activity 
increases in the trend: SLFNT100 < SLFNT75 ≈ SFNT < SLFNT25 < SLFNT50. Remarkably, the 
SLFNT50 exhibited the lowest ASR values of 0.032, 0.067, 0.146, 0.407 and 1.22  cm2 at 700, 650, 
600, 550 and 500 °C, respectively. This is superior to all the reported cobalt-free iron-based cathodes 
(Table S5-1). Moreover, SLFNT50 also exhibited nearly no phase transition at 600 °C in air for 58 h, 
demonstrating a high phase stability that is essential for long-term IT-SOFC stability (Figure S5-6b). 
By fitting the impedance spectra against an equivalent circuit model, one could deconvolute 
polarisation the ASR (RT) into two resistances: R1 resistance at higher frequency (102  105 Hz) 
related to charge-transfer process, and R2 at a lower frequency  102 Hz related to non-charge-transfer 
process including adsorption, diffusion, and dissociation of the oxygen species 6, 42.  Figure S5-7b 
shows that resistance R2 is higher than R1 for all the Li-doped samples, indicating that the non-charge-
transfer process is the rate-determining step at 600 °C. It also revealed that at 600°C the SLFNT50 
has the lowest R2 and 2nd lowest R1 among all the Li-doped cathodes. As such, the 0.05 Li 
concentration enhances both the charge and non-charge-transfer catalytic processes, which optimizes 
the ORR performance.  
Such enhancement is attributed to an optimal concentration of monovalent Li that is smaller and less 
electronegative than the host Sr. As discussed, the monovalent Li not only introduces charge 
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imbalance but also renders a reduced Fe valence state – both leading to an increased oxygen vacancy 
concentration. Li/Sr size mismatch leads to Li migration from the lattice to the surface. Such 
migration creates A-site deficiency that enhances electrical conductivity and further creates oxygen 
vacancies in the bulk without sacrificing the charge carriers. Both are well exemplified by the 
observed high mixed electrical and ionic conductivities for SLFNT50. Because of the much smaller 
size of the Li, in contrast, over 0.05 Li concentration is insufficient to maintain cubic structure with 
optimal content of A-site deficiency for ORR catalysis. These constitute the main reasons for the 
degraded ORR activity for SLFNT75 and SLFNT100. 
 
Figure 5-7: (a) Arrhenius plots of ASRs of Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) cathodes in symmetric cell 
configuration using SDC electrolyte, (b) Comparison of ASRs at 500, 550, (600, 650 and 700 oC, inset), (c) Single-
cell performances of anode supported SLFNTx | SDC (24 m) | Ni-SDC at 600 oC using H2 as fuel at anode and air 
at cathode side (b) the corresponding impedance spectra of cells in single-cell configuration, (e) performance of 
SLFNT50 | SDC (24 m)| Ni-SDC in the temperature range of 500-700 oC and (f) stability test of SFNT and 
SLFNT50 in single-cell configuration at 600 °C for 100 h. 
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We also evaluated the performance of the fuel cells with Sr1-xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) as 
the cathodes at 600 °C. The cross-sectional morphology of SFNT and SLFNT50 samples in a 
configuration of the Ni-SDC | SDC (24 m) | cathodes ( 21 m) are shown by SEM in Figure S5-
8.  The SEM images also show that the tested cathodes adhere well to the SDC surface. Figure 5-7c 
compares the current-voltage (I-V) curves and the corresponding power densities of tested cathodes 
using hydrogen as the fuel at anode and air at the cathode. At 600 °C the peak power density of fuel 
cells increases in the order: SLFNT50 (0.836 W.cm-2)  SLFNT25 (0.539 W.cm-2)  SLFNT75 (0.385 
W.cm-2)  SFNT (0.305 W.cm2)  SLFNT100 (0.263 W.cm-2), which is consistent with the tested 
cathodic performance of cell in symmetric cell configuration. Especially the single cell with 
SLFNT50 cathode exhibits a peak power density that is 2.7-fold higher than the one with pristine 
SFNT at 600 °C.  The corresponding impedance spectra of the cathodes in the single-cell 
configuration signifies that ohmic resistance of the cells (i.e. the intercept of the EIS spectra at high 
frequency with the real axis) is mainly due to the electrolyte (Figure 5-7d). The cell performance of 
the SLFNT50 cathode with a SLFNT50|SDC|NiO-SDC configuration was further examined at 500-
700 °C, as shown in Figure 5-7e. The overall cell performance of SLFNT50 at 550 °C is even higher 
than the practical requirement of 0.50 W.cm2 for IT-SOFC.8 The SLFNT50 cathode cell also shows 
improved short-term stability as compared to pristine SFNT. Nearly no current degradation is 
observed during 100 h operation at a constant potential of 0.4 V at 600 °C. (Figure 5-7f) 
5.4 Conclusions 
We investigated the Li effects on the catalytic activity towards oxygen reduction reaction (ORR) at 
500 – 700 °C through comparing the ORR-related properties of novel cobalt-free Sr1-
xLixFe0.8Nb0.1Ta0.1O3- (0  x  0.1) perovskite oxides, including crystal structures, surface chemistry, 
oxygen vacancies, and electrical conductivity. We found that x = 0.05 Li concentration is optimal for 
an efficient ORR catalysis, with an ASR as low as 0.146 Ω.cm2 in a symmetrical cell and a peak 
power density of 836 mW.cm-2 in an anode-supported single cell at 600 °C. This outperforms most 
state-of-the-art cobalt-free iron-based cathode materials. Such remarkable enhancement for moderate 
Li incorporation is attributed to the relatively low electronegativity and small size of the Li. The low 
electronegativity ensures a high concentration of oxygen vacancy and small ionic size induces Li 
migration to the surface, which creates A-site deficiency at elevated temperatures. When the Li 
concentration is below 0.05, these two unique properties of Li render a stable cubic perovskite phase 
with sufficient A-site deficiency. This enhances the mixed ionic and electronic conductivities and 
consequently ORR activity. However, when the Li concentration is over 0.075, the Li migration 
destabilizes the beneficial cubic perovskite structure and A-site deficiency decreases. The new 
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insights from our work also provide a new platform to modulate structure-property relationships of 
perovskites for efficient electrocatalysis through inducing in-situ thermal surface diffusion of cations. 
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5.5 Supplementary information 
5.5.1 Single-cell preparation 
Anode-supported single cells were prepared by co-pressing the NiO-SDC anode and SDC electrolyte. 
In this method, initially, Ni-SDC anode was pressed at 2 MPa, then 10 vol% slurry of electrolyte 
(SDC) was sprayed on one side of the anode. Subsequently, after drying the slurry on hot plate anode 
and SDC was co-pressed to get the dense pellet which than sintered at 1450 oC.  Anode material was 
synthesized by ball milling commercial NiO, SDC electrolyte, and graphite pore former in a weight 
ratio of 6:4:1, respectively, for 24 h in ethanol. Cathode ink was prepared by ball milling and sprayed 
on the 0.283 cm2 circular area on the SDC electrolyte, followed by calcination at 1000 oC for 3 h. EIS 
was performed to evaluate the ORR electro-activity of cathode materials in the air between 700 to 
500 oC. The cathode polarization resistance of the various symmetric cells was measured using 
electrochemical impedance spectroscopy (EIS) carried out with a Metrohm Autolab PGSTAT302N 
potentiostat. 
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Figure S5-1: High-resolution TEM image for SLFNT50 showing the (110) plane. 
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Figure S5-3: XPS general scan for SFNT and SLFNT25-SLFNT100. 
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Figure S5-5: Cross-sectional SEM micrographs of symmetric cell based on SLFNT25-SLFNT100 cathodes and 
SDC electrolyte. 
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Figure S5-6: (a) XRD patterns of SDC and SLFNT25-SLFNT100 mixtures (1:1) treated at 1000 oC for 4 h, (b) 








Figure S5-7: An example of a Nyquist plot for Sr1-xLixFe0.8Nb0.1Ta0.1O3- (x=0-0.1) cathodes as a symmetrical cell 
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Figure S5-8: SEM cross-section morphology of SFNT and SLFNT50 in single-cell configuration. 
 
 
Table S5-1: Comparison of ASR for iron-based perovskite oxide at 600oC 
No Material ASR (Ω.cm2) Temperature (⁰C) Reference 
1 Bi0.5Sr0.5FeO3- 0.6 600 1 
2 La0.8Sr0.2FeO3- 5.2 600 2 
3 SrFe0.9Ti0.1O3- 0.16 600 3 
4 Ba0.5Sr0.5Zn0.2Fe0.8O3- 0.98 600 4 
5 SrFe0.9Hf0.1O3- 0.19 600 5 
6 Nd0.5Ba0.5Fe1-xNixO3-  0.71 600 6 
7 Nd0.5Sr0.5Fe0.8Cu0.2O3- 1.12 600 7 
8 SrNb0.2Fe0.8O3- 0.31 600 8 
9 La0.6Ba0.4Fe0.8Ni0.2O3- 1.15 600 9 
10 BaCe0.5Fe0.5O3- 0.72 600 10 
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 Double alkali-doped perovskite cathodes for IT-SOFC 
 
Introduction 
As mentioned in section 2.1.1 and section 2.4.3, a dual-phase composite of ceria-based electrolytes 
with alkali carbonate can enhance the oxygen surface exchange kinetics and ionic conductivity that 
improve the electrode performance of IT-SOFCs. In Chapter 4, we found that single-doped alkali 
metals thermally diffused to the surface in the presence of CO2. This introduced A-site deficiency in 
the bulk material, which is compensated by the formation of oxygen vacancy concentrations. 
Therefore, in chapter 6, we incorporate alkali metals (Li, Na and K) at the A-site and investigate the 
catalytic activity of the cathodes in air and CO2 containing atmosphere. The role of molten alkali 
carbonate at the surface is evaluated and a consistent mechanism is proposed to demonstrate the 
conductivity of oxide ions through the percolated network of molten carbonate.   
Contributions 
In Chapter 6, we focus on the co-substitution of alkali metals in pristine SFNT and in-situ formation 
of molten carbonate at the surface of cathode materials. We developed the binary alkali metals doped 
Sr0.95(x,y)0.05Fe0.8Nb0.1Ta0.1O3-δ (x, y = Li, Na, K), and proposed surface tailoring mechanism to 
enhance the ORR activity and CO2 tolerance of synthesized cathodes at 600 C.  Our novel perovskite 
cathode Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3-δ (S(LK)FNT) exhibits a superior ORR activity, with the 
lowest ASR ever reported for cobalt-free, iron-based cathodes. This satisfies the targeted ASR 
requirement of  0.1 Ω.cm2 at 600 C for practical application of SOFC cathodes. A five times better 
ORR activity of S(LK)FNT cathode in CO2 containing atmosphere compared to pristine SFNT and 
excellent performance recovery upon CO2 removal signifies the role of molten alkali carbonate that 
provides an extra pathway for O2- ions conductivity.  
The contribution of co-authors are as follows: 
A. U. Rehman prepared the chapter draft including experimentation and concept building. M. Li, Z. 
Zhu, W. Zhou and R.Knibbe contributed to concept refinement and chapter editing. M Shirjeel Khan 
helped in experimentation, paper drafting and editing.   
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Tailoring the perovskite oxide interface with molten alkali carbonate for 
enhancing the CO2 tolerance and electrocatalytic activity of cobalt-free hybrid 
cathode at low temperature 




We synthesized the double alkali metals-doped Sr0.95(x,y)0.05Fe0.8Nb0.1Ta0.1O3-δ (x, y = Li, Na, K) 
perovskite cathodes and evaluated their electrocatalytic performance for oxygen reduction reaction 
(ORR) activity and CO2 tolerance for intermediate temperature solid oxide fuel cells (IT-SOFC). The 
Li and K eutectic mixture doped S(LK)FNT electrode exhibited the notably high ORR activity with 
an area-specific resistance (ASR) as low as ~ 0.108 Ω.cm2 in a symmetric cell and maximum power 
density (PD) of ~ 1.14 W.cm-2 in an anode supported SDC-based single cell at 600 C. The excellent 
catalytic activity of S(LK)FNT electrode is attributed to the oxygen vacancy concentrations that 
created due to the thermal diffusion of ionic size mismatched Li, and K cations at the surface. A 
proposed conductivity mechanism indicated a percolated network of molten alkali carbonates around 
grain boundaries that provides an extra oxide ion conductivity pathway between electrodes and 
electrolytes. The reversible electrocatalytic activity of S(LK)FNT and S(LN)FNT cathodes upon CO2 
removal and consequently enhanced ORR activity of cathode in air and CO2, illustrate a rational 
strategy to develop more efficient and robust cathodes for solid oxide fuel cell application at low 
temperature.  
 
Keywords: molten carbonate, alkali metals, perovskite, intermediate temperature, SOFC 
6.1 Introduction 
Solid oxide fuel cells (SOFCs), an electrochemical energy conversion device, have a great potential 
for meeting the rocketing energy demands due to their distinguishing features such as fuel flexibility, 
low toxic gas emission as well as higher fuel efficiency 1-3. However, the higher operating temperature 
(850 C) of conventional SOFCs that accompanying the drastic durability and construction issues, 
needs to be reduced to the temperature range 500-700 C to improve the overall cell performance and 
to make this technology relatively economical for practical application 4-6. One technical opportunity, 
to achieve this goal, is to enhance the mixed ionic and electronic conductivities (MIECs) of ABO3 
perovskite cathode materials, which lead to higher electrocatalytic activity for the oxygen reduction 
reaction (ORR) at intermediate temperature (IT; 500-700 C) 7, 8.                 
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Up to now, cobalt-based perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3-(BSCF), 
La0.6Sr0.4Co0.2Fe0.8O3- (LSCF), SrCo0.8Nb0.1Ta0.1O3- (SCNT) and BaCo0.4Fe0.4 Nb0.2O3- (BCFN) 
have been intensively employed as potential cathodes considering their excellent MIECs and superior 
electrocatalytic activity for ORR in the temperature range 500-800 C 9-12. However, these Co-based 
electrodes suffer from serious operational issues, including chemical instability and higher thermal 
expansion coefficient (TEC) mismatch ( 21  10-6 K-1) with typical ceria-based electrolytes 13-15. In 
addition, the CO2 susceptibility with surface segregated alkaline earth metals (Sr/Ba) that enriched 
due to the electrostatic attraction of the oxygen vacancies at the surface and form the secondary 
carbonate phase. These compact (Sr/Ba)CO3 surface layers prevents the oxygen surface exchange 
kinetics and gradually degraded the overall electrocatalytic performance of electrodes16, 17.    
Accordingly, iron-based perovskite oxides could be potential cathode material with well-matched 
TEC with other cell components and inherent tolerance to poisoning contaminants (e.g. CO2) because 
of stronger Fe-O bond energy that improves the surface acidity of material 18. During the last decades, 
SrFeO3-δ based perovskite cathodes have been widely investigated and several strategies have been 
proposed to improve the ORR activity of cathodes and alleviate CO2 poisoning issues at reduced 
temperature including the substitution of A-site cations (Bi, La, Ba, Pr, K, etc.), doping of high valent 
cations at B-site (Nb5+, Ta5+, Sb5+, W5+, etc.), surface modification and composite engineering 19-26. 
Despite all the efforts, the electrocatalytic activity of Fe-based cathodes for ORR is significantly slow, 
mainly due to the redox activity of Fen+/Fe(n+1)+ cations, especially at lower temperatures (≤ 700 C) 
and therefore exhibited a relatively high electrode polarization resistance (Rp) compared to cobalt-
based cathodes.   
It is generally believed that the anionic bulk conductivity (O-2) and oxygen permeation flux are the 
contributing factors that determine the catalytic activity of an electrode 27, 28. Most of the researchers 
have improved the ionic-electronic conductivities and bulk oxygen permeability in electrolyte 
membranes via fabricating their composite with molten alkali carbonate for low-temperature SOFCs 
29-32. For example, in our recent work, we reported the much improved MIECs properties and 
excellent CO2 tolerance of 5 mol% alkali metals doped Sr0.95A0.05Fe0.8Nb0.1Ta0.1O3- (A= Li, Na, K) 
cathodes. The ORR enhancement of single Li/K-doped cathodes was ascribed to the synergistic effect 
of in-situ diffusion and surface carbonation of alkali metals that created the cations deficiency in the 
bulk material at temperatures 500-700 C. However, the surface tailoring of cathode materials with 
eutectic binary mixtures of alkali carbonates such as (Li/Na)2CO3, (Li/K)2CO3 and (Na/K)2CO3 could 
be proved beneficial in reducing the interfacial resistance for oxide ions conduction in the molten 
state of carbonate at temperatures 500-600 C 30, 32. To date, unfortunately, none of the researchers 
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have investigated the role of molten carbonates to further enhance the electrocatalytic performance 
of cathode materials, according to the best of our knowledge, especially in air containing CO2 for LT-
SOFC application.   
In this work, for the first time, we demonstrated the efficient oxide ions conductivity caused by the 
molten alkali carbonates at the grain boundaries of cobalt-free cathode materials. We synthesized the 
binary alkali metals doped Sr0.95(x,y)0.05Fe0.8Nb0.1Ta0.1O3-δ (x, y = Li, Na, K) electrodes that exhibited 
one of the lowest area-specific resistance (ASR) among iron-based cathodes, at an intermediate 
temperature, satisfying the targeted ASR requirement of  0.1 Ω.cm2 at 600 C for practical 
application of SOFC cathodes 9, 33. The excellent ORR activity of S(LK)FNT and S(LN)FNT 
perovskite oxides in the air and remarkable tolerance against CO2 is attributed to the thermal diffusion 
of size mismatched Li, Na and K at the surface, which synergistically introduced the oxygen 
vacancies and cations deficiency in the bulk. Careful characterizations and proposed conductivity 
mechanism indicate that a percolated network of molten alkali carbonates between electrodes and 
electrolytes provides an extra pathway for the oxide ions transportation. The reversible 
electrocatalytic activity of the CO2 poisoned electrodes upon removal of CO2 containing gas mixture 
and consequently enhanced oxygen reduction reaction (ORR) activity of cathode in air, illustrate a 
rational strategy to develop more efficient and robust cathodes for solid oxide fuel cell application at 
low temperature.                           
6.2 Experimental methods 
6.2.1 Sample Preparation:  
SFNT (SrFe0.8Nb0.1Ta0.1O3-), S(LK)FNT (Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3-), S(LN)FNT 
(Sr0.95Li0.026Na0.024Fe0.8Nb0.1Ta0.1O3-) and S(NK)FNT (Sr0.95Na0.025K0.025Fe0.8Nb0.1Ta0.1O3-) 
perovskite oxides were synthesized by conventional solid-state reaction. Analytical grade oxides of 
SrCO3, Fe2O3, Nb2O5, Ta2O5 and (Li/Na/K)2CO3 (Sigma-Aldrich) were used as raw materials. A 
stoichiometric amount of metal oxides and alkali carbonates were mixed, ground in high-energy ball-
mill in an ethanol medium at a rotational speed of 350 rpm for 3.5 h. After drying the slurry overnight, 
the powders were pelletized and fired at 1250 C for 15 h in air. The powders were ground, ball-
milled, pressed and fired again at 1250 C for another 10 h to yield the homogeneous mixing and 
desired phase structure. Finally, the prepared oxides were well ground into a fine powder to decrease 
the particle size. 
6.2.2 The phase composition and crystal structure:  
Room temperature phase purity and crystal structure of various powder oxides were investigated by 
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neutron powder diffraction (NPD) and synchrotron X-ray powder diffraction (SXRPD). NPD and 
SXRPD patterns were collected by the high-resolution neutron powder diffractometer (ECHIDNA) 
and Australian Synchrotron Powder Diffraction beamline, respectively, at the ANSTO nuclear reactor 
facility 34. For NPD measurement, powder samples in a 6 mm vanadium quartz tube were rotated 
within 2  angular range from10-160 with a step size of 0.125 using neutron wavelength of 1.622 
Å. SXRPD data were collected at 21 keV, using an incident monochromatic x-ray source of  0.8275 
Å wavelength, over the range at 10 - 80 as calibrated against diamond diluted La11B6 NIST standard 
reference material (SRM) in a 0.3 mm capillary tubes. GSAS-II software package was employed for 
the joint structural refinements of both NPD and SXRPD data using the Rietveld method for all the 
synthesized powders 35. Chebyshev polynomial up to 25 terms was refined to fit the background. 
Oxygen sites occupancies along with atomic site fraction parameters were refined, but with 
constrained atomic isotropic displacement parameter (Uiso) values. The other refined parameters 
included the lattice parameters, peak shape polynomials (pseudo-Voigt function), zero offsets, sample 
displacement and sample absorption (R) parameters.   
In-situ high-temperature X-ray diffraction (HT-XRPD) measurements were performed using a 
Rigaku Advance diffractometer operating with filtered Cu-K (= 1.54 Å) radiation equipped with 
high-temperature accessories. The HT-XRPD data for various powder samples were obtained at 
different temperatures in the angular range 20o  2  80o with a step size of 0.1o.  The heating rate 
was kept constant at 10 C/min and held for 30 min at each temperature step. The crystalline 
morphology and microstructure of electrode materials were also characterized by transmission 
electron microscopy (Hitachi, HF5000) operating at 200 kV.   
6.2.3 Material characterizations:  
Microstructure of powder and dense pellets electrode materials before and after CO2 treatment at 600 
C, and cross-sectional morphology of symmetric cell and single-cell configuration was examined by 
JEOL FE-SEM-7100 scanning electron microscopy, operating at 15 kV and equipped with field 
emission tungsten (W) filament. Surface composition and quantification analysis of various powder 
samples were carried out by X-ray photoelectron spectroscopy (XPS) scan using Kratos Ultra 
Spectrometric (Al K) at 150 W. CasaXPS software program were used for deconvolution study of 
O1s data. Fourier transform infrared (FTIR) spectroscopy was performed on powder samples using 
a Perkin Elmer spectrum 100 with a spectrum range of 2500-750 cm-1. The thermal expansion 
coefficient (TEC) curves for cathode materials were measured using an SSE-2000 dilatometer at 50-
850 C in air.     
 We performed the thermogravimetric analysis (TGA) to examine the thermal weight loss of various 
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electrode samples on the Perkin Elmer-600 STA instrument. The powder sample was heated in a 
temperature-controlled furnace from 25-850 C at a rate of 15C/min in airflow (20 ml/min) 
atmosphere. The oxygen non-stoichiometry as a function of weight loss above 200 C is measured 
by using the molar equation as explained in our previous work 36. 
6.2.4 Symmetric cell and single-cell fabrication:  
To fabricate the symmetric cell, commercially available SDC powder (38.8 m2/g, Fuel cell Materials, 
U.S.) was pressed (2 MPa) uniaxially that followed by sintering at 1400 C for 4 h to reach a relative 
density of 99%. Cathode ink was prepared by ball milling of cathode powder (3.0 g) in ethanol (36 
ml) and glycerol (1.8 ml), which was then sprayed onto both sides of an SDC electrolyte disk using 
nitrogen-borne medium and then subsequently co-fired at 1050 C for 2 h to achieve porous 
electrodes with an area of 1.149 cm2. The silver paste was used onto both sides of the symmetric 
cell for efficient current collection and distribution. 
6.2.5 Electrochemical measurements:  
Electrochemical impedance spectroscopy (EIS) measurements was performed to evaluate the area-
specific resistance (ASR) of synthesized cathode materials in a symmetric cell configuration using 
Silver (Ag) wires as a current collector in the air at 500-700 C and poisoning tolerance of cathode 
in 1% and 10% CO2 gas mixture at 600 C. The EIS scans were recorded by using a potentiostat 
model Metrohm PGSTAT302N Analyzer interface in the frequency range of 10 kHz to 0.001 Hz. 
Distribution of relaxation time (DRT) curves were derived from the EIS data to investigate the 
associated degradation processes. The button cells were sealed on an alumina (Al) quartz tube, with 
cathode facing outside for fuel cell testing at 700-500 C. The humidified hydrogen (H2) was used as 
fuel and exposed to the anode side while ambient air was supplied as the oxidant.      
Metrohm Autolab PGSTAT302N Analyzer was used to measure the electrical conductivity of cathode 
materials by a four-probe direct current (DC) method. The dense bar-samples with a dimension of 2.1 
mm  5.2 mm  12mm were sintered at 1250 C in stagnant air for 4 h. Conductivity data were 
recorded after every 25 C interval between 300-800 C with a cooling rate of 10 C /min.  
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6.3 Results  
6.3.1 Crystallographic details 
 
Figure 6-1: NPD and SXRPD combined Rietveld refinement plots of (a) SFNT, (b) S(LK)FNT, (c) S(LN)FNT and 
(d) S(NK)FNT cathodes refined with a cubic 𝑷𝒎?̅?𝒎 model at room temperature.  
High-resolution synchrotron X-ray powder diffraction (SXRPD) and neutron powder diffraction 
(NPD) measurements together with Rietveld refinement analysis of tested perovskites were 
performed to verify the crystalline phase and position of doped alkali metals in a lattice structure and 
the results are shown in Figure 6-1. The SXRPD and NPD data of SFNT, S(LK)FNT, S(LN)FNT and 
S(NK)FNT collected at room temperature can be well indexed with cubic, 𝑃𝑚3𝑚 , space group 
(#221). The combined Rietveld analysis of both SXRPD and NPD data, as presented in Table 6-1, 
reveals that alkali metals such as Li, Na and K are successfully placed at 1a (0, 0, 0) Wyckoff positions 
in the lattice along with the Sr site (A-site). The lattice parameter significantly increases for lithium 
incorporated samples and it decreases in the order S(LK)FNT  S(LN)FNT   SFNT  S(NK)FNT. 
It signifies the lattice expansion of Li-doped perovskites, caused due to the thermal surface diffusion 
of small ionic radii Li+ (0.92 Å) compared to Sr+2 (1.44 Å) host that results in the cations deficiency 
in the bulk at the A-site. This cation charge imbalance is compensated by oxygen vacancy formation, 
i.e. = 0.24 (6) and 0.17 (9) for S(LK)FNT and S(LN)FNT sample, respectively compared to 0.04 (4) 
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for pristine SFNT and average valence stet of Fe reduced as shown in Table 6-1. The refinement error 
statistics (Rwp and x2) in the table confirm the reliability of the Rietveld refinement data model.       
Table 6-1: Summary of refined crystal structural parameters, oxygen deficiency obtained from combined Rietveld 
refinement of NPD SXRPD data and model fit statistics.  
 SFNT S(LK)FNT S(LN)FNT S(NK)FNT 
Space group 𝑃𝑚3𝑚 𝑃𝑚3𝑚 𝑃𝑚3𝑚 𝑃𝑚3𝑚 
Lattice Parameter (Å) 3.9164(2) 3.9219(7) 3.9211(6) 3.9103(9) 
Sr/Li/Na/K (x,y,z) 0, 0, 0 0, 0, 0 0, 0, 0 0, 0, 0 
Fe/Nb/Ta (x,y,z) 0.5, 0.5, 0.5 0.5, 0.5, 0.5 0.5, 0.5, 0.5 0.5, 0.5, 0.5 
Sr/Li/Na/K (Uiso) Å2 0.0171(8) 0.0126(6) 0.0114(4) 0.013(0) 
Fe/Nb/Ta (Uiso) Å2 0.0103(5) 0.0113(7) 0.0067(2) 0.0108(9) 
Alkali metals occupancy - 
      Li     K Li Na Na K 
0.011(3) 0.024(1) 0.016(3) 0.022(1) 0.021(8) 0.024(9) 
Estimated oxygen 
vacancy () 
0.04(4) 0.24(6) 0.17(9) 0.046(1) 
Fe charge balance (Z) 3.64 3.21 3.38 3.6 
Rwp (NPD) % 4.64 3.61 6.06 6.21 
x2 (NPD) % 5.31 5.6 4.95 6.17 
Rwp (SXRPD) % 4.32 3.91 6.41 9.4 
x 2 (SXRPD) % 4.59 4.57 7.20 8.81 
The structural stability of cathode materials is of great importance during operation. Alkali metals 
doped cathode powders were treated in air and in 10 vol% CO2 mixture at 600 C for 4 h before 
investigated their thermal phase and structural stability by in-situ high-temperature X-ray powder 
diffraction (HT-XRPD) upon heating and cooling (Figure S6-1 & S6-2 of electronic supporting 
information, ESI). Within the temperature range from 30-900 C, the perovskite cubic structure of 
cathode materials remains stable. There is no evidence of new phase formation during heating except 
the expansion of lattice structure (slight shift in diffraction peaks to lower 2 angle) that indicates the 
oxides lattice expansion at elevated temperature. However, the partial reversibility of diffraction 
peaks to their original place upon cooling, indicating the oxygen vacancy creation in the bulk lattice 
that is attributed to the thermal exsolution of alkali metals to the surface, as we reported in our latest 
work 37. In contrast, the diffraction patterns of CO2 treated powder samples, in Figure S6-2, further 
revealed the same aforementioned structural behaviour except for the carbonate peaks that 
disappeared at carbonate decomposition temperature i.e.  800 C 38.   
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6.3.2 Electrochemical performance of cathodes in air  
 
Figure 6-2: (a) Typical impedance spectra of cathodes obtained from symmetric cell configuration in ambient air 
at 600C under OCV. (b) Temperature-dependent Arrhenius plot of ASRs values (Schematic of the symmetric cell, 
inset). (c) Anode supported single cell performance of cathodes at 600C. (d) Distribution of relaxation time (DRT) 
plots of SFNT, S(LK)FNT, S(LN)FNT and S(NK)FNT in the air at 600C.   
Electrochemical performance of SFNT and alkali-doped perovskite oxides S(x,y)FNT (x, y = Li, Na, 
K) toward ORR activity was determined by electrochemical impedance spectroscopy (EIS) 
measurements. Figure 6-2(a) shows a typical EIS Nyquist plot of the cells fabricated in a symmetric 
cell configuration, with Sm0.2Ce0.8O1.9 (SDC) electrolyte, in ambient air at 600 C under open-circuit 
voltage (OCV) conditions. The porous microstructure of electrodes, similar cathode thicknesses (~ 
24 μm) and good adhesion of cathode materials with SDC electrolyte in all symmetric cells, subjected 
to scanning electron microscopy (SEM), revealed the chemical compatibility of alkali-doped cathode 
materials with SDC electrolyte, Figure S6-3. Moreover, thermal expansion coefficient (TEC) (Figure 
S6-4(a)) values of SFNT and alkali-doped cathodes are measured in the range of 13.47-16.38  10-6 
K-1, which is well closer to SDC (12.9 10-6 K-1) electrolyte at 600 C 39, 40. The electrode polarization 
resistance (Rp) or ASR of cells fabricated with alkali metals doped cathodes is much lower (good 
cathode performance for ORR) than pristine SFNT cathode. For instance, at 600 C, the ASRs of 
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S(LK)FNT, S(LN)FNT, S(NK)FNT and SFNT in the air are 0.108 (2), 0.121 (7), 0.287 (3) and 
0.324 (8) Ω.cm2, respectively, resulted in a maximum power density of 1.14, 1.07, 0.67 and 0.48 
W.cm-2 for S(LK)FNT, S(LN)FNT, S(NK)FNT and SFNT cathodes in a single-cell configuration with 
SDC electrolyte at 600 C (Figure 6-2(c)). This indicates a 3 times improvement in the catalytic 
performance with only 5% substitution of alkali metals dopants especially Li and K co-doped SFNT 
cathode. A comparison of ASR-drop (%) with the substitution of alkali metals is presented in Figure 
S6-4(b) 41. Figure 6-2(b), shows the Arrhenius plots of calculated ASR values of SFNT, and alkali 
metals doped electrodes at temperature 500-700 C. The activation energy (Ea), obtained from the 
slop of Arrhenius plots, increases in the order S(LK)FNT  S(LN)FNT  S(NK)FNT  SFNT. Lower 
‘Ea’ of alkali-doped cathodes reflects the efficient ORR activity at lower temperature and a lower 
energy barrier for charger transfer (oxygen reduction, oxygen diffusion) and non-charge transfer 
processes (oxygen adsorption/desorption) 42.  
We have further analyzed the kinetics of the electrode processes of the SFNT and alkali-doped 
cathodes using the distribution of relaxation time (DRT) method in ambient air at 600 C.  DRT is an 
effective tool for deconvoluting EIS data to separate the key electrochemical processes, involved in 
electrode reaction, as shown in Figure 6-2(d). Two parameters are mainly considered in DRT analysis; 
(i) the relaxation time () of electrode process, which is inversely proportional to characteristics 
frequency of that process and (ii) integral area under the peak that represents the polarization 
resistance of that particular process 38. Three distinct peaks denoted as P1-P3 are evident in all 
cathodes curve. P1 elucidates the rate-limiting electrochemical process in high frequency (HF) 
domain, P2 in the intermediate frequency (IF) and P3 in the low frequency (LF) range. The electrode 
processes in the HF ( 1000 Hz) scale are mainly attributed to the charge transfer and ionic transfer 
occurring near the triple-phase boundaries (TPB) and the processes contributing to the peaks in the 
IF (20-300 Hz) scale are associated with the surface exchange processes (molecular 
adsorption/desorption at the cathode surface)43, 44. Whereas, the peaks in LF range ( 20 Hz) are most 
likely related to the mass transfer process and/or the transport of electronic/ionic defects near the 
interface or within the pores of electrode material38.  
It is clear from DRT analysis that electrode processes ‘P2’ at IF range dominates the total electrode 
polarization resistance (Rp) in all tested electrodes including SFNT, S(LK)FNT, S(LN)FNT and 
S(NK)FNT. The characteristics frequencies of alkali-doped electrodes, S(LK)FNT sample, in 
particular, were shifted towards higher frequencies and their integral area under the curve in all three 
electrode processes is smaller than pristine SFNT. This indicates the fast kinetics of electrochemical 
processes with minimum charge-transfer and surface exchange resistances in HF and IF frequencies 
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range, respectively. The smaller magnitude of DRT peaks (area under the curve) and relatively the 
shorter relaxation time of electrode process (higher characteristics frequency) of S(LK)FNT electrode 
in LF range is most likely associated with the ionic defects that created due to the thermal migration 
of size mismatched Li+ and K+ cations to the surface. Furthermore, thermal diffusion of alkali metals 
introduced the oxygen vacancy in the bulk material that eliminates the resistance for bulk oxygen 
mass-transfer in the micropores of cathode material, which ultimately enhanced the electrocatalytic 
activity of LK-doped SFNT electrode even at a lower temperature (600 C).    
6.3.3 Electrocatalytic activity in CO2 mixture  
 
Figure 6-3: (a) Comparative summary of ASR degradation of the SFNT, S(LK)FNT, S(LN)FNT, S(NK)FNT 
cathodes in 10% CO2-air mixture and after CO2 removal at 600C. (b) Long run durability of SFNT and 
S(LK)FNT in air and 10% CO2 mixture at 600C. (c-f) Cyclic study of relative ASR behavior of cathode materials 
in air and 10% CO2.  
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Deterioration of electrocatalytic performance in CO2 containing atmosphere is a major concern in the 
long run operation of cathode materials especially at intermediate temperature range ( 700 C) 19, 45. 
We evaluate the CO2 tolerance of alkali-doped cathodes, in a symmetric cell configuration, in the 
supply of 10 vol.% CO2 mixture (10% CO2, 20% O2 and 70% N2) at 600 C and an example of 
Nyquist plot is presented in Figure S6-5. Comparative increases of ASRs after introducing CO2 in the 
air stream and subsequent recovery of various cathode performance after CO2 removal are shown in 
Figure 6-3(a). Electrocatalytic activity of alkali-doped cathodes including S(LK)FNT, S(LN)FNT and 
S(NK)FNT degrades only 3-3.3 times in the supply of 10 vol.% CO2 mixture compared to SFNT 
whose cathode performance degrades up to 15 times in same time duration. It is important to note 
that on CO2 removal, the ORR performance of alkali-doped cathodes not only fully regenerate but 
even becomes better especially for S(LK)FNT cathode.  
High ORR activity and long-term stability of cathode, especially when exposed to ambient air 
containing CO2 contaminants, are essential for IT-SOFC cathode. Figure 6-3(b) demonstrates the 
durability of SFNT and S(LK)FNT cathodes in symmetric cell configuration at 600 C in air and 10 
vol.% CO2 gas mixture as a function of time. The ASR measurements of S(LK)FNT in the air is much 
stable, which showed the initial ASR values of 0.108(1) .cm2 and 0.11(4) .cm2 after 100 h, 
compared to pristine SFNT cathode that degraded at a rate of 8.47  10-4 .cm2 h-1 (calculated from 
the slope). In CO2 containing air, the catalytic performance of S(LK)FNT cathodes deteriorates 
initially and increases from (ASR0) 0.108 .cm2 to (ASR10) 0.351 .cm2 in first 10 min, but then it 
starts to decline with a rate of -1.24  10-3 .cm2 h-1 over the entire testing time and reaches to 
(ASR100) 0.304 .cm2. In contrast, SFNT cell performance kept degrading even after 80 h at a rate 
of 1.99  10-2 .cm2/h in the CO2 atmosphere at 600 C. 
Figures 6-3(c-f) present more detailed ASRs change of SFNT and S(x,y)FNT (x, y = Li, Na, K) 
cathodes in repeatedly air (blue colour) and 10 vol.% CO2 gas mixture (red colour) over the 1200 min 
operation run. For SFNT cathode (Figure 6-3c), the relative ASR increases continuously in the 
presence of CO2 and the cathode performance degraded 15.1 times after 5 cycles of CO2. This 
indicates the adsorption of CO2 on the active sites, results in deactivation of TPBs, and carbonation 
of A-site cations at the surface that can be confirmed by the FTIR spectra of samples tested in air and 
after firing in 10 vol.% CO2 mixture at 600 C, as shown in Figure S6-6. For CO2 treated samples, 
the intense bands in the range of 860-870 and 1400-1500 cm-1 belong to carbonate species 45-48. The 
characteristics peaks at 1437 and  857 cm-1 are associated with SrCO3 and the absorption peaks 
split into two contributions at 1446 and  861 cm-1, wavelengths are related to the coordination of 
CO3-2 group with alkali metals (such as Li2/Na2CO3, and Li2/K2CO3)18, 48. The small absorption peaks 
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at the offset of carbonate bands (1555 cm-1 and 902 cm-1), which predominantly arise for ‘Li’ co-
doped samples, represent the metal oxides' presence together with carbonate species 46. Interestingly, 
the ORR recovery behaviour of alkali-doped cathodes in the air is quite different, i.e. relative ASRs 
gradually decrease after every CO2 cycle.  For example, for S(LK)FNT cathode, the 3-fold increased 
ASR in 10 vol.% CO2 gas mixture not only fully regenerate in the air but even became better (in 10 
min) after cutting off the 1st cycle supply of CO2 gas. This relative ASR decrease is continued until it 
reaches 0.089-fold after the final cycle of CO2 mixture removal, which is equivalent to 0.083 .cm2 
at 600 C. The catalytic performance recovery of the S(LK)FNT sample reported here is not only 
better than S(LN)FNT (fully regenerate) and S(NK)FNT (degraded 1.24 times) cathodes but also 
surpasses to all recently reported cobalt-based (e.g. BSCF, SSNC) and Fe-based (e.g. SFT, BSFT) 
cathodes (Figure S6-7), to the best of our knowledge.  
 
Figure 6-4: DRT plots of SFNT, S(LK)FNT, S(LN)FNT and S(NK)FNT in (a) 10 vol% CO2 mixture, (b) in the air 
after CO2 removal at 600 C. 
For a detailed understanding of electrochemical processes that mainly contributed in the air with CO2 
mixture and air after CO2 removal, we analyzed the impedance spectra of SFNT and S(x,y)FNT (x, 
y = Li, Na, K) electrodes using DRT method, as shown in Figure 6-4. As discussed earlier (Figure 6-
2(c)), at least three distinct electrochemical processes such as LF, IF and HF are contributed to the 
cell resistance in the frequency domain. In Figure 6-4(a), when electrodes are exposed to 10 vol.% 
CO2 mixture, the characteristics frequency peaks of SFNT and S(NK)FNT electrodes, in IF and LF 
range, are shifted towards the lower frequencies and their corresponding impedance resistance (area 
under the curve) increased compared to Li/K and Li/Na-doped electrodes. These changes indicate a 
slower mass transfer and oxygen surface exchange kinetics after the introduction of CO2 at LF and 
IF domain, respectively, which could be explained due to the competitive adsorption of CO2-O2 that 
results in deactivation of the active sites of the electrode surface40, 49. However, when CO2 is removed, 
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the impedance integral peaks of S(LK)FNT and S(LN)FNT electrodes at LF are almost disappeared, 
indicating the lowest resistance for bulk mass transfer at the interface, whereas pristine SFNT 
electrode showed the opposite behaviour at LF domain i.e. maximum resistance peak that shifted to 
a lower frequency. The process corresponds to HF has an insignificant effect on overall ORR 
mechanism. The fitting results of EIS data using the equivalent circuit fitting model, in Table S6-1, 
further explains the ORR mechanism and confirms the DRT analysis. An example of circuit fitted 
model S(LK)FNT sample in air, CO2 mixture, and air after CO2 removal at 600 C, in Figure S6-8, 
clearly evident three dominant processes and the polarization resistances are estimated from the 
equivalent circuit, i.e. Re-(RHF-CPEHF)-(RIF-CPEIF)-(RLF-CPELF). Both DRT and equivalent circuit 
model observations support that improved bulk mass transfer at the TPB interface or/and in the pores 
of the cathodes might be the major contributing process for ORR activity in the air after CO2 removal. 
It is explained by the formation of alkali carbonates at the surface that in molten form provide an 
alternative path for the conduction of oxides ions through the percolation layer around the electrode 
grains.  For increase magnitude of polarization resistance of SFNT and S(NK)FNT electrodes at LF 
and IF range is attributed to the formation of SrCO3 that limits the oxygen surface exchange kinetics 
and deteriorate the overall electrode ORR performance16, 50.  
6.3.4 Surface morphology of cathodes 
Scanning electron microscopy (SEM) characterizations were used to investigate the surface 
morphology of synthesized cathode materials, as shown in Figure 6-5. Dense fabricated pellets of 
SFNT, S(x,y)FNT (x, y = Li, Na, K) samples were fired in non-flowing air and air with 10 vol.% CO2 
mixture at 600 C for 4 h followed by quickly cooled down to room temperature. In the air, Figure 6-
5(a-d), the surface of all the samples consist of large grain and are well connected. Small bright 
particles are visible on the surface of alkali-doped materials that are evenly sprinkled on the surface 
of S(LK)FNT and S(LN)FNT samples. These nano-sized particles belong to the oxides of alkali metal 
(such as Li, K) that thermally exsolved to the surface due to the size mismatch and oxygen vacancy 
concentration, as we reported in our recent work 36, 37. The comparatively smooth and clean surfaces 
of fresh SFNT and S(NK)FNT samples explain the thermal exsolution role of small radii Li+ in 
creating the cation defects in the bulk material.  
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Figure 6-5: Surface morphology of dense pellets of (a) SFNT, (b) S(LK)FNT, (c) S(LN)FNT and (d) S(NK)FNT 
quenched at 600 C in stagnant air (a-d) and 10 vol.% CO2 mixture (e-h), respectively.  
The surface properties of samples treated in the mixture of CO2 and quenched are robust and elaborate 
on the formation of molten carbonate species (Figure 6-5(e-h)). For SFNT and S(NK)FNT pellets, 
the bright agglomerated particles on the surface are most likely associated to the strontium carbonate 
(SrCO3) that formed due to the segregation of Sr on the surface in the presence of CO2, as already 
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explained by FTIR spectra and high-resolution XPS scan in Figure S6-9 further confirmed by the O1s 
characteristics peaks at  530.8 eV 36, 51-53. In contrast, the percolated layers with small voids, on the 
surface of S(LK)FNT and S(LN)FNT samples, are attributed to the molten alkali carbonates such as 
(Li/K)2CO3 and (Li/Na)2CO3. The eutectic mixtures of molten alkali carbonates generally melt at 
500-600 C, provides an additional ‘superionic pathway ’ for the ionic conduction other than the 
typical O2- conduction due to the oxygen vacancy concentration through the bulk material, as will be 
explained later 30, 32, 54. The O1s deconvolution peaks featured at  531.2 and 531.8 eV provide enough 
evidence for the formation and existence of alkali carbonates at the surface of S(LK)FNT and 
S(LN)FNT samples.  
Transmission electron microscopy (TEM), SEM micrographs of S(LK)FNT powder sample, adjoined 
with schematic diagrams, we illustrate the thermal diffusion of alkali metals, formation and 
distribution of amorphous percolated layer of alkali carbonates around grains in Figure 6-6. Figure 
6-6(a) shows the freshly prepared S(LK)FNT sample without surface segregation of any foreign 
metals. Upper right image of high-resolution TEM analysis and selected area diffraction (SAD) 
pattern (inset) visualized the fine cubic crystalline phase of S(LK)FNT sample with 3.92 Å inter 
planner spacing that corresponded to (200) plane according to NPD results reported in Figure 1(b). 
After sintering sample at 600 C and quenched to room temperature (Figure 6-6(b)), small bright 
grains are produced on the surface that most likely attributed to the alkali metal oxides that thermally 
diffused to the surface due to smaller ionic size. Our results such as XPS, dense pellet SEM (Figure 
6-5) and FTIR also evident the existence of metal oxides after heating S(LK)FNT sample at 600 C. 
After treating the powder sample in the air with 10 vol.% CO2 at 600 C, carbonation of alkali metals 
occurred on the surface of grains. Alkali metal carbonates that become molten/glassy in the 
temperature range 500-600 C, as shown in FE-SEM image (Figure 6-5(c)), thereby create a 
percolating network between the S(LK)FNT particles. Apparently, 2-3 nm thick amorphous layer 
that surrounded the crystalline particle, in Figure 6-6(c) (bottom right), confirmed by the amorphous 
rings observed by fast Fourier transform (FFT, inset of TEM), presumed to provide an alternative 
pathway for the ionic transformation from cathode surface to electrolyte interface during ORR 
activity.             
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Figure 6-6: Schematic scheme, FE-SEM (middle) and HR-TEM (right side) images representation of (a) freshly 
prepared S(LK)FNT powder sample (b) alkali metals exsolution upon heating and (c) carbonate layer formation 
after treating sample in 10 % CO2 mixture at 600 C and quenched to room temperature. SAED and FFT in the 
inset of TEM images explain the crystallography of S(LK)FNT sample before and after CO2 treatment.    
6.4 Discussion: 
A comparison of the electrocatalytic performance of alkali-doped electrodes to the recently reported 
breakthrough studies of cobalt-free cathodes, including SrFe0.9Hf0.1O3 (SFHf)55, La1.2Sr0.8NiO4 
(LSN)56 or SrFeO0.95-F0.05 (SFF0.05)41, etc., is presented in Table S6-2. Our tested S(LK)FNT 
perovskite oxide, in a symmetric cell with SDC electrolyte, outweighs the ORR activity with ASRs 
values as low as 0.108 .cm2 at 600 C (Figure 6-2(b)). The exceptionally lower ASR of alkali 
metals-doped S(LK)FNT electrode is primarily attributed to the optimal balance of oxygen vacancies 
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concentration () and electrical conductivity () that generated at elevated temperature (measured by 
TGA data and shown in Figure S6-10). Thermal exsolution of alkali metals (Li+, Na+ and K+), due to 
ionic size mismatch and lower electronegativity than host metal (Sr2+), introduced the cationic defect 
in the lattice of the electrode that results in the formation of oxygen vacancies in the bulk material 
(Figure 6-5 (b-d))36. The concentration of oxygen vacancies and efficient charge conduction (e¯) 
benefit in overall oxygen reaction kinetics in the S(LK)FNT material by reducing the activation 
energy (less polarization resistance) of bulk O2 molecules to adsorb on cathode interface in low 
frequency (LF) region, as summarized in Figure 6-2(c).  
Besides, high ORR activity in the air at an intermediate temperature, the susceptibility of synthesized 
cathode materials for CO2 and electrocatalytic behavior of cells in the air after CO2 removal is further 
investigated in symmetric cell configuration. Electrode polarization resistance of SFNT and alkali-
doped electrodes increased, while exposed the electrodes in the air with 10 vol.% CO2 mixture at 600 
C, as evident by an increase in ASR as shown in Figure 6-3. The electrocatalytic performance of 
symmetric cells with SFNT electrode severely deteriorated in CO2 containing air as compared to its 
counter alkali-doped electrodes whose cell performance degraded 1/5 times after introducing CO2 
for 100 h. In IF and LF domain, the increase of ASRs in lower p(O2) (Figure 6-4(a)), could be 
associated to the adsorption of CO2 on the active sites that substantially deactivate them for the 
oxygen adsorption and eventually suppressed the overall ORR performance of electrodes 57. This 
alleviated CO2 resistance of alkali-doped cathode materials, subjected to CO2 supply, is mainly 
attributed to the carbonation of alkali metals that results in the formation of the percolated layer of 
molten carbonates ((Li/Na/K)2CO3) at the surface at 600 C. This percolated carbonate layer not only 
enhances oxygen surface exchange kinetics at TBP but also provides an extra path for the diffusion 
of oxides ion through electrode /electrolyte interface that outweighs the overall electrode performance 
for ORR after CO2 removal 29, 47.        
Furthermore, as observed in Figure 6-3, the CO2 poisoning of tested electrodes is largely recoverable 
upon the removal of 10 vol% CO2 mixture at 600 C. However, the less reversible regeneration of 
SFNT and somehow for S(NK)FNT electrodes, compared to other tested electrodes, is likely ascribed 
to the strong CO2 adsorption at the active site that gets desorb at high temperature ( 600 C), and 
due to the formation of SrCO3 on the surface as reported before for BSCF that constrains the oxygen 
surface exchange kinetics 57, 58. In contrast, the full recovery of alkali-doped electrodes and ORR 
performance in the air after CO2 removal indicates the role of the carbonate phase to conduct oxide 
ions through the percolated network at the surface (Figure 6-3(c-f)). It is noted that among alkali-
doped electrodes, the electrocatalytic recovery of lithium doped electrodes such as S(LK)FNT and 
S(LN)FNT is remarkable i.e. completely regenerated after each CO2 cycle, as shown in Figure 6-3(d-
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e), compared to S(NK)FNT sample that CO2 poisoning reversibility is only 98.4% after complete 
CO2 cyclic treatment (Figure 6-3f). Interestingly, the electrochemical performance of S(LK)FNT 
sample in the air after CO2 removal gets even  13 times better than the initial ORR performance in 
the air (1.08 .cm2) at 600 C. This signifies the least possible resistance for oxygen bulk mass 
transfer through the percolated network of alkali carbonate (M2CO3; M = Li/K, Li/Na, Na/K) at the 
surface (see Figure 6-4b, LF region).  
Some studies have suggested that CO3-2 ions contributed towards the high O-2 ion conduction via the 
amorphous layer between electrode and electrolyte interface, however, our present work disagrees 
with this hypothesis 59-61. To support our point, we infiltrated the 5 mol% (Li/K)2CO3 salts (in the 
same composition as doped in our S(LK)FNT sample; Li: K:: 52: 48) on 5 mol% A-site deficient 
SFNT (SFNT95) sample. The synthesized S(LK)FNT-infiltrated sample was treated at 600 C for 4 
h and quenched to room temperature to investigate the effect of molten carbonate on the surface. The 
ORR performance of SFNT-LK infiltrated sample is measured and compared with LK-doped SFNT 
cathode at temperatures 500-700 C and results are presented in Figure S6-11(a). The SFNT-LK 
infiltrated cathode exhibited an ASR of 0.304 .cm2, about 3 times that of S(LK)FNT (0.108 .cm2) 
at 600 C. The significantly lower ASR of alkali metals doped S(LK)FNT sample unambiguously 
demonstrates, not CO3-2 but alkali cations (M+), that are more mobile in alkali carbonate, plays a 
pivotal role for O-2 ion conduction through the percolated network of molten carbonate 62. 
Furthermore, TEM micrographs, as shown in Figure S6-11(b), indicate the localized carbonate 
formation at the surface of infiltrated SFNT-LK unlike the doped S(LK)FNT sample (Figure 6-6c), 
where a percolated layer of alkali carbonate forms around the grain boundaries. Therefore, based on 
ORR performance and TEM images, we can say the strategy we proposed for the thermal exsolution 
of alkali metals at the surface followed by the formation of a percolated network of alkali carbonate 
around electrode grains is unique and superior to the conventional infiltration method.                   
It is believed that sufficiently high oxide ions conductivity is essential for an efficient ORR 
electrocatalyst and ionic conductivity in molten alkali carbonate is predominantly control by the 
mobility of alkali ions M+ (Li+, Na+, K+), as reported by various previous work 63-65. In this underlying 
mechanism as shown in Figure 6-7, the conduction of O-2 proceeds with the interaction of M+ and O2- 
which form an intermediate M+O2- (superoxide)66. This superoxide undergoes a further reduction to 
form another intermediate M2O2 releasing O-2/ O2- ions in the carbonate layer. This O-2 ions 
conduction process in the carbonate phase may further go on through the continuous pathway of the 
percolated network as shown in Figure 6-7. 
Maheshwari’s and Zhu’s groups also proposed a similar process for the transformation of O-2 ions 
through the continuous pathway of carbonate layer based on electrode/ electrolyte interface62, 64, 67.  
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Figure 6-7: Schematic presentation of O2- conductivity through bulk and molten carbonated. The red dotted path 
shows the O2- ions conductivity in bulk and black arrows shows conductivity through the carbonate layer. 
6.5 Conclusion 
In summary, cobalt-free double alkali-doped S(x,y)FNT (x,y = Li, Na, K) perovskite oxides have 
been fabricated and tested as potential IT-SOFC cathodes in both air and CO2 containing environment. 
When evaluated in a symmetric cell configuration, the S(LK)FNT cathode exhibited a high ORR  
activity in the air with an area-specific resistance (ASR) as low as 0.108 .cm2. This cathode also 
showed an excellent CO2 tolerance of up to 3-folds compared to the reference SFNT, whose 
electrode performance deteriorated up to 15-folds in 10% CO2 containing air at 600 C.  Small ionic 
alkali metal oxides thermally exsolve on the cathode surface. This introduces cation deficiency in the 
bulk material and synchronously facilitates the oxygen/charge exchange process, as reflected by the 
DRT analysis of impedance data. This bulk cation deficiency and/or surface defect not only enhance 
the electrode’s durability both in air and CO2 but also robust the S(LK)FNT surface against CO2 
poisoning at intermediate temperature. More importantly, the CO2 poisoning reversibility of the 
alkali-doped cathodes is extraordinary, when tested in air after CO2 removal at 600 C. The electrode 
performance completely regenerates after cutting the CO2 supply.  Furthermore the 13 -fold 
improved ORR activity of S(LK)FNT cathode than the initial one in air indicates a reduced resistance 
for bulk oxygen mass transfer. Such a decreased resistance is attributed to the predominant ion 
conducting behaviour of the alkali carbonate phase which forms at the grain boundaries in the 
presence of CO2. 
A possible mechanism was proposed to demonstrate the most likely continuous pathway of oxide 
ions via the amorphous carbonate layer that bridges the electrode/electrolyte interface. Therefore, the 
high electrocatalytic activity; significant CO2 tolerance and improved CO2 poisoning recovery 
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presents S(LK)FNT perovskite as a promising next-generation cathode material for IT-SOFC. We 
propose, in-situ exsolution of the alkali metals and an improved oxide ion conduction through the 
alkali carbonate are key in providing this unique performance. 
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Figure S6-1: High temperature in situ X-ray powder diffraction (HT-XRD) patterns of various cathodes in the air 
at temperature 30-900C upon heating and cooling. 
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Figure S6-2: High temperature in situ X-ray powder diffraction (HT-XRD) patterns of various cathodes in 10% 
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Figure S6-4: TEC measurement of SFNT, S(LK)FNT, S(LN)FNT and S(NK)FNT cathodes as a function of 
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Figure S6-5: Nyquist plots of SFNT, S(LK)FNT, S(LN)FNT and S(NK)FNT electrodes in air, in 10 vol% CO2 and 
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Figure S6-6: FTIR spectra of various powder cathodes in air and after heat treatment in 10 vol% CO2 for 4 h at 
600 C. 
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Figure S6-7: Comparison of ASR of cobalt free and cobalt containing cathode materials in air (black), in 10% CO2 
(red) and after CO2 removal (blue) of Ba0.5Sr0.5Co0.8Fe0.2O3-  (BSCF)1, 2, SrSc0.175Nb0.025Co0.8O3-  (SSNC)2, 
SrSc0.075Ta0.025 Fe0.9O3-  (SSTF75)3, PrBa0.5Sr0.5Co1.5Fe0.5O5- -LN (PBSCF-LN)4, Bi0.5Sr0.5Fe0.8 Ta0.2O3-  (BSFT)5, 
SrFe0.9 Ti0.1O3-  (SFT)6 and Sr0.95(Li0.26K0.24)Fe0.8Nb0.1Ta0.1O3- (S(LK)FNT). 
 
 
Table S6-1: Summary of polarization resistance of SFNT, S(LK)FNT, S(LN)FNT, and S(NK)FNT electrodes using 
equivalent circuit fitting model at 600 °C. 
Sample 
In Air (.cm2) In 10% CO2 (.cm2) Back to air (.cm2) 
RHF RIF RLF RHF RIF RLF RHF RIF RLF 
SFNT 0.0962 0.1776 0.036 1.3671 2.1751 0.8143 0.0236 0.2069 1.1551 
S(LK)FNT 0.0024 0.0819 0.0203 0.0345 0.223 0.0456 0.0201 0.0624 0.0012 
S(LN)FNT 0.029 0.0793 0.0224 0.0354 0.2465 0.1075 0.0345 0.1017 0.0115 
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Figure S6-8: Nyquist plots of S(LK)FNT cathode in air, in 10% CO2 mixture and air after CO2 removal at 600 C, 
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Figure S6-9: XPS fitted spectra of O1s for SFNT, S(LK)FNT, S(LN)FNT and S(NK)FNT before and after 10 vol.% 





Table S6-2: Comparison of ASR of cobalt-free, Fr-based cathodes in symmetric cell configuration at 600 C. 





1 SrFe0.9Hf0.1O3 (SFHf) 0.19 600 7 
2 La1.2Sr0.8NiO4 (LSN) 0.37 600 8 
3 SrFeO0.95-F0.05 (SFF0.05) 0.393 600 
9 
4 Sr0.95Li0.05Fe0.8Nb0.1Ta0.1O3- (SLFNT5) 0.146 600 
10 
5 PrLa0.4Ba0.6Fe0.8Zn0.2O5 (PLBFZ) 1.43 600 11 
6 SrNb0.2Fe0.8O3- (SNF) 0.31 600 12 
7 BaFe0.8Cu0.2O3- (BFC-20) 0.152 600 13 
8 SrSc0.175Nb0.025Fe0.8O3−δ (SSNF) 0.236 600 14 
9 Nd0.5Sr0.5Fe0.8Cu0.2O3 (NSFC) 1.04 600 15 
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Figure S6-10:(a) Electrical conductivity, (b) Weight percentage and oxygen vacancy concentration of SFNT, 







Figure S6-11: (a) ASR comparison of S(LK)FNT-infiltrated and S(LK)FNT doped samples at 600 °C in symmetric 
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 Core-shell composite cathode to improve ORR activity and 
CO2 tolerance  
 
Introduction 
In Chapter 6, we attributed the superior electrocatalytic performance of the S(LK)FNT cathode to the 
fast oxide ionic conductivity through the molten carbonate layer. However, the electronic 
conductivity of the S(LK)FNT sample was not as good as the state-of-the-art cathodes at intermediate 
temperature. As discussed in section 2.5.1, infiltrating an electronic or ionic conducting phase in a 
perovskite cathode could be beneficial in enhancing the MIECs and oxygen surface exchange kinetics 
of the composite electrode. In Chapter 7, we infiltrate a thin layer of La2NiO4+ (LNO) on an 
S(LK)FNT cathode backbone and investigate the electrocatalytic performance and CO2 tolerance of 
this core-shell composite material for IT-SOFCs.   
Contributions 
In Chapter 7, we fabricate a composite cathode by infiltrating the efficient ionic and electronic 
conductor La2NiO4+ (LNO) onto an S(LK)FNT cathode backbone. We evaluate the electrocatalytic 
performance of the composite cathode at intermediate temperatures. A 5 wt.% LNO infiltration not 
only improves the CO2 resistance of the cathode material but also enhances the ORR activity of the 
overall cathode. The infiltrated LNO leads to a 40% decrease in ASR and a 30% improvement of the 
CO2 tolerance at 600 C. This remarkable improvement is attributed to the synergistic effects of a 
high oxide ionic conductivity and improved surface charge transfer kinetics due to the extended TPB 
of the cathode.  
The contribution of co-authors are as follows: 
A. U. Rehman prepared the chapter draft including experimentation and concept building. M. Li, Z. 
Zhu, W. Zhou and R. Knibbe contributed to concept refinement and chapter editing. M Shirjeel Khan 
helped with experimentation, paper drafting and editing.   
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A versatile La2NiO4+ infiltrated core-shell structured cathode for promising 
CO2-tolerance and electrochemical activity at intermediate temperature 
Ateeq Ur Rehmana, Mengran Lia, M Shirjeel Khana, Ruth Knibbeb, Wei Zhouc, Zhonghua Zhua 
 
Abstract 
We prepared a novel La2NiO4+ (LNO) infiltrated Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3- (S(LK)FNT) 
composite core-shell cathode by solution infiltration method and evaluated its electrochemical 
performance for intermediate temperature solid oxide fuel cells (IT-SOFCs). It is found that LNO 
infiltrated cathode enhanced the surface oxygen exchange kinetics and extended the active surface 
regions for oxygen adsorption and dissociation because of heterogeneous LNO/S(LK)FNT interface 
that lead to an average 25% reducing in polarization resistance (RP) of S(LK)FNT-LNO cathode. In 
CO2-rich atmosphere, LNO coating also shielded the CO2 poisoning and by 79% of CO2 resistance 
of LNO infiltrated S(LK)FNT cathode as compared to bare S(LK)FNT at temperature 600 C, results 
in efficient oxygen reduction reaction (ORR) activity of S(LK)FNT backbone. The complete recovery 
of CO2 poisoning upon removal of CO2 indicated that the catalytic performance degradation of the 
cathode was mainly due to the adsorption of CO2 on to the active sites rather than the formation of 
surface carbonate.    
Keywords: ORR kinetics, CO2 tolerance, SOFC, Infiltration, LNO, S(LK)FNT 
 
7.1 Introduction 
In recent years, much attention has been directed to develop the mixed ionic-electronic conducting 
cathode materials for lower temperature (LT; 500-700 C) operation of solid oxide fuel cells (SOFCs), 
to improve the durability and to reduce the associated cost of SOFC technology 1-3. However, the 
slow kinetics of cathodes for oxygen reduction reaction (ORR) activity and higher susceptibility to 
CO2 contaminants are the major operational challenges at temperature  650 C, which reduce the 
overall performance of SOFCs 3-5.  
Many state-of-the-art perovskite-based oxides such as SrCo0.8Nb0.1Ta0.1O3- (SCNT), 
Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF), SrSc0.2Co0.8O3- (SSC) and SrCo0.85Ta0.15O3- (SCT) are reported as 
promising cathode materials due to their surprisingly high electrocatalytic activity that reflected by 
lower area-specific resistance (ASR  0.1 .cm2) at 600 C and higher mixed ionic and electronic 
conductivities (MIECs) 6-9. However, the A-site occupancy of alkaline-earth species (Ba, Sr) made 
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these perovskites more susceptible to CO2 poisoning because of weaker average bond energy (ABE) 
of Ba-O and Sr-O metal oxides, at intermediate temperature (IT) 10. Therefore, the formation of 
carbonate phase (e.g. BaCO3/SrCO3) at the surface, in the presence of air containing CO2 
contaminants, alters the composition stoichiometry and inhibits the surface exchange kinetics of 
oxygen species, results in a rise of polarization resistance (RP) and long-term cell degradation 11-12. 
This has raised the research imperative in developing a highly efficient and CO2 resistant composite 
cathode for IT-SOFCs.  
These composite cathodes are dual uniform mixtures of as-prepared perovskite MIECs phase and 
oxygen ion (O-2) conducting phases like Ce0.8Sm0.2O2- (SDC) or Gd0.1Ce0.9O1.95 (GDC) 13-16. 
However, the chemical incompatibility of these dual-phases and mismatched thermal expansion 
coefficient (TEC) impede their long-run operation for oxygen permeation and SOFCs application 17. 
Recently, Ruddlesden-Popper (RP) based La2NiO4+ (LNO) nickelates are extensively investigated 
as potential cathodes for HT-SOFCs ( 800 C) because of their rapid oxygen surface exchange (k*) 
kinetics, high electron-hole conductivity and relatively moderate chemical and thermal expansion 18-
20. The LNO nickelates crystallographic structure consisted of alternate layers of perovskite (ABO3) 
layers embedded by (AO) rock-salt layers 21. Therefore, excess oxygen mobility is accommodated 
through the oxygen interstitials in the AO rock-salt layers rather than by the traditional cations 
vacancies that result in fast oxygen transportation through the LNO ceramic material 22.  
At intermediate temperatures ( 700 C), single RP-phase LNO materials are not proved efficient and 
exhibited relatively high electrode resistance, however, It is reported that the composite of LNO with 
perovskite phase, with high MICEs and bulk oxygen diffusivity, could improve the ORR activity of 
composite cathodes for IT-SOFCs 10, 22-24. In our previous chapter 6, we found that the oxide ionic 
conductivity and oxygen surface exchange kinetics of alkali metals doped perovskites, especially 
S(LK)FNT, are exceptionally high at 600 C. This fast-ionic conduction was mainly contributed by 
the in situ formation of molten carbonates that facilitated the ionic transmittal through an extra 
conductive pathway but limited the charge conduction. Therefore, infiltrating LNO that is 
electronically conducting can further enhance the mixed electronic and ionic conducting interfaces 
for the efficient oxygen reduction activity 25-26.  Moreover, recent research showed that LNO 
infiltrated cathodes exhibited the extended stability against CO2 poisoning in comparison to BSCF, 
LSCF and PBSCF 10, 18-19. 
In this work, we fabricated the CO2 resistant shell on the MIEC perovskite core through the solution 
infiltration method and evaluated the electrocatalytic performance and CO2 tolerance of prepared 
cathode at IT. Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3- (S(LK)FNT) was used as porous substrate and thin 
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layer of La2NiO4+ (LNO) as the infiltrate.  In S(LK)FNT-LNO composite formation, the 
heterostructure architecture of both phases extend the active region between LNO/S(LK)FNT (double 
phase boundary; DPB) and LNO/S(LK)FNT/air (triple-phase boundary; TPB) with faster oxygen 
surface exchange kinetics, leading to an improved overall ORR kinetics of cathode material.  
7.2 Experimental section 
7.2.1 Sample Preparation 
Sr0.95Li0.026K0.024Fe0.8Nb0.1Ta0.1O3- (S(LK)FNT) perovskite oxide was synthesised via conventional 
solid-state reaction route[25-26]. SrCO3, Li2CO3, K2CO3, Fe2O3, Ta2O5 and Nb2O5 (99.99+% purity, SA) 
metal salts were used as the precursor. Appropriate amounts of these salt precursors of 0.5 mol L-1 
concentration were ball milled at 360 rpm for 4 h in ethanol solvent and subsequently dried the 
mixture overnight in over at 100 C. The powder was pelletized and calcined in stagnant ait at 1250 
C for 15 h. The sample was sintered again for another 15 h after fine grinding the pellets to ensure 
the required phase formation. Finally, the aggregated sample was well-grounded into a fine powder 
and used as a scaffold for electrochemical measurement and physical characterizations. 
The cathode ink of S(LK)FNT sample was produced by ball milling the 2.95g fine ground powder, 
1.8 ml glycerol and 35 ml ethanol at 350 rpm for 1 h. The S(LK)FNT scaffold was fabricated by spray 
coating the prepared cathode ink of  30-35 m thickness onto both sides of dense SDC electrolyte 
using N2 as an inert gas and followed by calcination at 1000 C for 2 h.  For reference and 
electrochemical performance evaluation, we fabricated the LNO coated S(LK)FNT symmetric cell, 
as described below. 
The infiltrate solution was prepared by dissolving the stoichiometric amounts of La(NO3)3 and 
Ni(NO3)2 (99.99 +% purity, Alfa Aesar Co.) salts in ethanol to prepare the 0.05 mol L-1 La2NiO4+ 
(LNO) precursors solution. Glycerol and Triton X-100 were added as the chelant and surfactant 
agents, respectively. The mixture was stirred overnight before the infiltration process. The prepared 
LNO solution was then infiltrated slowly onto both sides of S(LK)FNT scaffold using a micropipette, 
socked into the pores in a vacuum vessel and fired at 850 C for 4 h to form the thin layer of LNO 
coating on the S(LK)FNT backbone. A part of the LNO infiltrate solution was dried and fired at 850 
C for 4 h and after grinding used for phase identification using X-ray powder diffraction. Silver paste 
and silver wires were connected onto both sides of the calcined symmetric cell for even current 
collection and distribution.  
The RP of prepared LNO infiltrated and bare S(LK)FNT symmetric cells were measured in air and 
10 vol.% CO2 containing air mixture by electrochemical impedance spectroscopy (EIS) at 0 V open-
Chapter 7 Core-shell composite cathode to improve ORR activity and CO2 tolerance 
159 | P a g e  
 
circuit voltage (OCV) conditions, using an Autolab analyzer (Metrohm 302N) at a frequency of 105 
Hz to 10-2 Hz.       
7.2.2 Physical characterizations 
The microstructure, surface morphology and elemental quantification of bare and LNO infiltrated 
S(LK)FNT powder samples were analyzed by field emission scanning electron microscopy (FE-SEM, 
Jeol 7100F) at an accelerating voltage of 15 kV, equipped with energy dispersion X-ray (EDX, 
Phillips NanoAnalysis) spectroscopy. 
The CO2 desorption patterns of tested powder samples were analyzed by CO2 temperature-
programmed desorption (CO2-TPD) analysis as a function of temperature from 30 C to 800 C at a 
ramping rate of 10 Cmin-1. Inert Ar gas (99.99 %+) at a flow rate of 10 mLmin-1 under STP was 
purged as a carrier gas that transports the desorbed CO2 from  55 mg powder sample to mass 
spectrometer (BEL, Japan, inc.) analyzer. Fourier transforms infrared (FT-IR) spectra of powder 
samples before and after CO2 treatment, at 600 C for 4 h, were collected by using FT-IR 
(PerkinElmer S-100) spectrometer.  
The crystallographic details of synthesized powder samples were investigated by X-ray diffraction 
(XRD) using Rikagu advanced diffractometer operating at 45V and 200 mA and equipped with Cu-
K ( = 1.5406 Å) radiation source. The diffraction spectra were collected in an angular range of 20 
to 80 with a step size of 0.10 min-1.         
7.3 Results and discussions 
7.3.1 Phase analysis and surface morphology 
 
Figure 7-1: Room temperature X-ray diffraction (XRD) patterns of S(LK)FNT, LNO powders and LNO infiltrated 
S(LK)FNT powder sintered at 850 C for 4 h. 
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The crystalline phase of as-synthesized bare S(LK)FNT powder before and after LNO infiltration is 
characterized by powder X-ray diffraction (XRD) patterns, as displayed in Figure 7-1. The diffraction 
peaks of S(LK)FNT and LNO phases are well-identified according to cubic perovskite SrNb0.2Fe0.8O3 
structure of 𝑃𝑚3𝑚 space group (JCPDS: 04-017-5230) and tetragonal phase (similar to K2NiF4, 
JCPDS: 34-0314) with I4/mmm space group, respectively, revealed the pure phase formation and are 
in good agreement with already reported work7, 19-20. The presence of the Ruddlesden-Popper (RP) 
phase for the LNO infiltrated powder mixture confirms the successful incorporation of LNO infiltrate 
into the pores of S(LK)FNT backbone that further signifies the excellent structural tolerance of 
S(LK)FNT powder for infiltrated solutions.  
The cross-sectional microstructure and surface morphology of blank S(LK)FNT and LNO infiltrated 
S(LK)FNT backbone is shown in Figure 7-2. The nano-sized bright particles of 1-2 nm, dispersed 
evenly on the surface of blank S(LK)FNT sample (Figure 7-2(a-b)), are most likely belong to the 
alkali metal oxide such as Li and K that are thermally diffused at the surface due to smaller ionic size 
and lower electronegativity as previously reported in our recent work 27. Additionally, the 13.4 % 
molar ratio of K (Li is hard to quantify due to lower characteristics energy of emitted X-rays), 
determined by EDS elemental analysis, in Figure 7-2(b) inset, further confirms that alkali metals are 
the main constituents of surface enriched particles. The cross-sectional microstructure of cathode 
after infiltrating with LNO solution and sintering at 850 C for 4 h can be seen in Figure 7-2(c-d). It 
is evident and supported by EDS analysis (Figure 7-2d, inset) that surface enriched dot sized particles 
in bare samples are replaced by regular-shaped particles and it appears that the surface of S(LK)FNT 
backbone is fully covered with the continuous coating of LNO infiltrated particle. 
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Figure 7-2: Cross-sectional surface morphology and corresponding EDX (inset) elemental analysis of (a-b) bare 
S(LK)FNT and (c-d) LNO infiltrated S(LK)FNT cathodes.   
Representative electrochemical impedance spectroscopy (EIS) data of bare S(LK)FNT and LNO 
infiltrated S(LK)FNT cathodes in symmetric cell configuration, collected in the air at a temperature 
from 500-700 C, are presented in Figure 7-3. The electrocatalytic performance of cathodes was 
reflected by the value of polarization resistance (RP) and the typical EIS spectra determined it from 
the difference of low and high-frequency intercepts (Z) with the real axis. Lower RP value represents 
an efficient and higher ORR electrocatalytic activity of cathodes. 
When bare S(LK)FNT cathode were tested in air at 700, 650, 600, 550 and 500 C, the cathode RP 
were determined as 0.037, 0.065, 0.114, 0.34 and 0.87 .cm2, respectively. However, after being 
infiltrated with LNO precursor solution, the RP values of S(LK)FNT-LNO decreases significantly ( 
20-30 %), and reaches the minimum values of 0.027, 0.044, 0.098, 0.225 and 0.682 .cm2 at 700, 
650, 600, 550 and 500 C, respectively. This improved performance of later sample owing to the 
facilitating role of LNO thin shell for oxygen surface exchange activity and strong oxygen adsorption 
on the active sites of S(LK)FNT/LNO heterostructured interface 29-30.       
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Figure 7-3: Typical EIS spectra of S(LK)FNT cathode with and without LNO infiltration, based on symmetric cell 
configuration at temperature 700-500 C. 
The ORR mechanism for both samples in the air at various temperatures was further investigated by 
deconvoluting the measured EIS data into two dominant processes correspond to high frequency (HF) 
and low frequency (LF) arcs, using an equivalent circuit model and Nyquist plots and fitted lines of 
both samples tested at 600 C are shown in Figure 7-4(a-b). Cathode polarization resistance (RHF) 
corresponding to the HF region is attributed to the charge transfer process across electrode/electrolyte 
interface and the resistance RLF is most likely related to the surface reaction steps of oxygen 
adsorption, diffusion and dissociation associated with the LF region 31-33. Therefore, for LNO 
infiltrated cathode (Figure 7-4c), the significant lower values of RLF in comparison of that RLF values 
of bare S(LK)FNT indicates that the non-charge transfer reaction steps of the ORR at the low-
frequency region is greatly enhanced owing to the high oxygen surface exchange kinetics (k*) of the 
LNO material 34-35. Moreover, the rough surface of LNO coating provided an extended active 
electronic-ionic conducting interface at TPBs for oxygen adsorption and dissociation (Figure 7-2(c-
d)), which ultimately improved the electrocatalytic performance of LNO-infiltrated S(LK)FNT 
cathode in air.  
The temperature-dependent bar chart in Figure 7-4(d) further compares the loading effect of the LNO 
solution on the catalytic activity of cathode at a temperature from 700-500 C in air. It is clear that 
ORR activity of sample loaded with 5 wt.% LNO solution is exceptionally better among all composite 
samples infiltrated with 3 wt.% and 7 wt.% solution including bare S(LK)FNT cathode. This 
demonstrates that 3 wt.% LNO loading is not sufficient for improving the oxygen surface exchange 
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activity, whereas, 7 wt.% impregnation is forming the thick LNO shell around S(LK)FNT core that 
not only hinder the O-2 ions conductivity but also deteriorated the electrocatalytic performance of the 
material. The activation energies (Ea) of our best performed (5 wt.%) LNO-infiltrated and bare 
S(LK)FNT cathodes are calculated as 101.8 and 99.96 kJmol-1, respectively. This slightly bigger 
value of Ea of former cathode suggesting that LNO coating doesn’t reduce the ORR activity of core 
S(LK)FNT cathode obviously.                       
  
Figure 7-4:  Nyquist plots of EIS deconvolution fitting data (a) bare S(LK)FNT and (b) LNO-Infiltrated S(LK)FNT 
symmetric cells corresponding to HF and LF processes at 600C. (c) Arrhenius plots of bare S(LK)FNT and 
infiltrated fitting data at temperatures 500-700 C. (d) Comparative bar chart representation of S(LK)FNT with 
various loading of LNO infiltrated cathodes as a function of temperature. 
Generally, CO2 is an indispensable contaminant and it’s concentration ranges about 0.038 vol.% in 
ambient air 36. Generally, it is considered that short time exposure of CO2 rich mixture would be 
equivalent to the long-run test in air containing less CO2 concentration to analyze the cathode 
performance. Therefore, the tolerance of blank S(LK)FNT and 5 wt.% LNO infiltrated S(LK)FNT 
cathodes were accessed by EIS spectra in 10 vol.% CO2 mixture with air at 600 C for up to 500 min, 
as shown in Figure 5. With blank S(LK)FNT cathode (Figure 7-4(a)), the RP value increases rapidly 
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from 0.114 to 0.217 .cm2 in first 20 min and continue increasing until it reaches the maximum 
saturated value of 0.329 .cm2 ( 3 times) after 500 min. However, on CO2 removal, the catalytic 
performance of S(LK)FNT cathode is not only regenerated in 20 min but also became 16 % better 
than the initial ORR performance in air and reached to the minimum value of 0.097 .cm2 after 300 
min, consistent with the findings of chapter 6. This better ORR activity of bare S(LK)FNT cathode 
after CO2 removal is attributed to the formation of alkali carbonates (Li2/K2CO3), explained by FT-
IR and CO2-TPD in Figure 7-7(a-c), at the surface that not only improves the O-2 ions conductivity 
through the molten carbonate layer but also provides an alternative way for the transformation of O-
2 ions.  
On the other hand, as shown in Figure 7-5(b), 2 times degradation in the electrocatalytic activity of 
LNO infiltrated S(LK)FNT cathode for ORR, i.e. from 0.098 to 0.204 .cm2, demonstrates the 
resistance of LNO shell towards CO2 poisoning. The value of RP after cutting off CO2 supply resumed 
to the original value (0.099 .cm2) after 200 min. It is believed that catalytic performance 
deterioration of CO2 susceptible cathodes is mainly due to the adsorption of CO2 on the surface active 
sites and the formation of alkaline earth metal carbonates (BaCO3/SrCO3) at the surface that hinder 
the low-frequency ORR reaction steps of oxygen adsorption, diffusion and dissociation 3, 13, 36. CO2 
adsorption effect is reversible subjected to the removal of CO2 supply, whereas surface carbonation 
is irreversible at 600 C 19. Therefore, the complete recovery of CO2 poisoning upon removal of CO2 
indicates that RP degradation for both tested samples was mainly due to the CO2 occupancy on the 
O2 adsorption site.  
 
Figure 7-5: The impedance spectra of (a) S(LK)FNT and (b) S(LK)FNT-LNO (5 wt.%) cathodes in air and air 
containing 10 vol.% CO2 mixture and after removal of CO2 mixture, at 600 C. 
General XPS analysis (Figure 7-6) provides additional information about the surface chemistry of 
both samples after CO2 treatment at 600 ᵒC that followed by quick cooling to room temperature. For 
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bare S(LK)FNT sample, as shown in Figure 7-6(a), surface enriched elements majorly consist of Li 
metal with Li/Sr atomic ratio of ~ 11.5, whereas, LNO infiltration suppress the thermal diffusion and 
surface segregation of alkali metals (Li/Sr ratio decreased to 3.9) in the presence of CO2 mixture 
(Figure 7-6(b)) that further affect the formation of oxide ion conducting alkali carbonate phase at the 
surface. This indicates that a thin layer of LNO oxide protects the core material from direct exposure 
to CO2 mixture, thus alleviating the deterioration of the electrocatalytic performance of electrode due 
to CO2 poisoning.   
 
Figure 7-6: XPS general scan of (a) bare S(LK)FNT and (b) S(LK)FNT-LNO after CO2 treatment at 600 °C for 4 
h and quenched to room temperature. 
The resistivity of pristine and S(LK)FNT-LNO cathodes against CO2 were tested by Fourier transform 
infrared (FT-IR) spectroscopy and CO2-temperature programmed desorption (CO2-TPD) after 
treating the samples in 10 vol.% CO2 mixture at 600 C for 4 h and results are shown in Figure 7-7 
(a-c). From both aforementioned analyses, the strong adsorption bands at wavelengths  1447 and 861 
cm-1 and CO2 desorption peaks can be observed for bare S(LK)FNT after CO2 treatment that is 
attributed to the alkali carbonate (CO3-2)37-38. However, no such obvious adsorption bands are evident 
for LNO infiltrated S(LK)FNT sample (Figure 7-6b), and the desorption peaks on set at 175 and 500 
C, in Figure 7-7(c), represent the desorption of adsorbed CO2 from the active sites, indicating the 
thorough resistance of LNO shell against CO2 poisoning. 
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Figure 7-7: FR-IT spectra of (a) bare S(LK)FNT and LNO coated S(LK)FNT powder cathodes before and after 
10 vol.% CO2 treatment at 600 C for 4 h. (c) CO2-TPD plots of blank and LNO infiltrated S(LK)FNT powders as 
a function of temperature. (d) Long term stability of cathodes in terms of voltage as a function of time in symmetric 
cell configuration at 600 C.  
Figure 7-7(d) displayed the long-term catalytic stability of symmetric cells with bare and LNO coated 
S(LK)FNT as cathode at a constant current density 200 mA cm-2 in air and 10 vol.% mixture with air 
at 600 C. The cell voltage of both cathodes degraded during the extended period of the test. The cell 
voltage of bare S(LK)FNT in the air slightly increases from 0.501 to 0.509 V in the first hour then it 
maintains relatively stable at  0.504 V, whereas, the cathode degradation of LNO coated S(LK)FNT 
cathode is 0.473 - 0.485 V (about 4.2 times higher than that of bare S(LK)FNT) over 100 h.  When 
both cells were exposed to 10 vol.% CO2 gas mixture with air, the LNO coated call degraded only 2 
times compared to bare S(LK)FNT, whose cell deterioration is about 3.6 times during the same testing 
time. The LNO coated S(LK)FNT cathode with excellent resistance towards CO2 contaminants and 
long-term stability seems to be a promising cathode for SOFC application.      
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Figure 7-8: Post experiment cross-sectional surface morphology of (a) S(LK)FNT and (b) S(LK)FNT-LNO 
cathodes using symmetric cell pellets. 
Figure 7-8 shows the post-test cross-sectional surface morphology and microstructure of bare 
S(LK)FNT and LNO infiltrated S(LK)FNT symmetric cells pellets after testing them in air and CO2 
containing air mixture at 600 C and naturally cool down to room temperature. It is observed that 
nanosize particles were formed on the surface of blank S(LK)FNT cathode (Figure 7-8a) that made 
the surface more heterogeneous and rougher compared to one infiltrated with LNO solution. The 
entirely different surface morphology of the bare S(LK)FNT sample in Figure 7-8a and one reported 
in chapter 6 (Figure 6-5(f)) signifies the role of a sudden cooling down (quenching) the sample. The 
surface of LNO infiltrated S(LK)FNT cathode, in Figure 7-8b, seems to be coated with a layer of 
LNO infiltrate, which makes it smooth and uniform and resist the active sites of core S(LK)FNT 
material for CO2 poisoning. Therefore, it can be concluded that better ORR performance of bare 
S(LK)FNT cathode after CO2 removal is mainly due to the surface roughness that contributed to the 
extended active sites for O2 adsorption, resulting in an overall enhancement of electrocatalytic 
performance of S(LK)FNT cathode.   
7.4 Conclusions 
We fabricated the S(LK)FNT cathode coated with a LNO shell through a solution infiltration method 
and investigated its CO2 resistance and ORR catalytic activity in comparison to the bare S(LK)FNT 
cathode at 600 C. A polarization resistance reduction of up to  20-30% is achieved for the 
symmetric cell with S(LK)FNT-LNO as the cathode in the temperature range of 500-700 C. This 
improved electrochemical performance is mainly due to the LNO coating which extends the oxygen 
adsorption active sites and increases the oxygen surface exchange kinetics (k). The RP of the bare 
S(LK)FNT in a CO2-containing atmosphere degraded approximately 43 % more rapidly than the 
LNO-infiltrated S(LK)FNT cathode - indicating that the LNO shell protects the S(LK)FNT backbone. 
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The extended long-term stability of the LNO infiltrated S(LK)FNT cathode over a testing period of 
240 h in air and CO2-containing air at a constant current of 200 mA cm-2 and complete recovery of 
RP upon CO2 removal, signifies the role of surface engineering technique for the development of 
robust highly efficient cathode materials with excellent CO2 tolerance for low-temperature SOFCs.       
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 Conclusions and recommendations 
8.1 Conclusions 
This study outlines the development of robust cobalt-free, iron-based perovskite cathodes with high 
ORR activity and improved CO2 tolerance at intermediate temperatures (500-700 °C). Specifically 
alkali metal dopants, such as Li, Na and K were substituted at the A-site of SrFeO3-δ based perovskite 
oxides. Based on the experimental evidence, the following conclusions can be drawn: 
Firstly, monovalent alkali metals, such as Li+, Na+ and K+ can be successfully incorporated as A-site 
dopants in the SrFe0.8Nb0.1Ta0.1O3-δ (SFNT) perovskite lattice without compromising the beneficial 
cubic (𝑃𝑚3𝑚) symmetry between 500-700 °C. The improved cathode performance of the 5 mol% Li 
and K-doped perovskites is attributed to the thermal diffusion of the alkali metal cations to the grain 
surface. This creates A-site cations deficiency in the bulk materials - leading to a remarkably low 
ASR of ~0.12 and ~0.18 Ω.cm2 for SLFNT5 and SKFNT5 cathodes, respectively at 600 ᵒC. The 
cathode tolerance against 10 vol.% CO2 in air is boosted by more than 4 times by alkali-metal doping. 
This is attributed to the release of O2 during carbonation of the alkali metal peroxide and sesquioxide 
at the cathode surface for Na/K-doped samples. This O2 release increases the oxygen ionic 
conductivity of the resulting alkali-metal carbonates.  
Secondly, the Li+ substitution concentration affects the crystal symmetry, mixed ionic and electronic 
conductivities and ORR catalytic activity of Li-doped SFNT. The Li concentration of ≤ 0.05 
maintains a stable cubic perovskite structure with an optimal oxygen vacancy concentration and A-
site deficiency. Such a trend originates from the lower electronegativity and smaller ionic size of the 
Li dopant than the Sr host. This enhances the mixed ionic and electronic conductivities and 
consequently ORR activity. However, when the Li concentration is over 0.075, the Li migration at 
temperature (~ 600 °C) destabilizes the cubic perovskite structure and transforms into the 
orthorhombic brownmillerite phase.  
Thirdly, novel co-doped, alkali-metal SFNT perovskite cathodes, in a eutectic ratio have been 
developed and evaluated for IT-SOFC application. The S(LK)FNT cathode exhibits a superior ORR 
catalytic activity in the air with an ASR as low as 0.108 .cm2 and a peak power density of 1140 
mW.cm-2 in an anode-supported single cell with Ce0.8Sm0.2O2- (SDC) based electrolyte at 600 °C. 
The remarkably high ORR activity is attributed to the in-situ exsolution of small ionic alkali metals 
at the cathode surface. This exsolution introduces cation deficiency in the bulk material and 
synchronously facilitates the ionic/charge exchange activity at the triple phase boundary (TPB). 
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Additionally, the S(LK)FNT cathode shows a a 3-folds improvement of the CO2 tolerance in 
comparison to the undoped SFNT cathode at an intermediate temperature. Furthermore, the ORR 
performance of S(LK)FNT cathode improved by 13 times in air after CO2 removal compared to the 
initial one in air, indicating the oxide ionic conducting behavior of amorphous alkali carbonate layer 
at the surface that bridges the electrode/electrolyte interface.  
Finally, La2NiO4+δ (LNO) infiltrated S(LK)FNT composite cathode is fabricated through infiltration. 
This core-shell cathode shows a significantly improved ORR activity and CO2 tolerance compared to 
the bare S(LK)FNT perovskite oxide at temperatures between 500-700 °C. The enhanced ORR 
activity of the LNO infiltrated S(LK)FNT cathode is ascribed to the high oxygen surface exchange 
kinetics and extended TPSs of heterogeneous LNO/S(LK)FNT interface for the oxygen adsorption 
and/or dissociation reaction that results in ~ 25% decrease polarization resistance at 600 °C. This 
core-shell strategy also proves an effective method in alleviating ORR catalytic performance 
deterioration in CO2 containing atmosphere.  
Alkali metals doped perovskite oxides showed promise as potential cathode candidates in 
electrochemically reducing oxygen and improve CO2 tolerance at intermediate temperatures and the 
key findings of experimental chapters 4-7 are summarize in Table 8-1. The study presented in this 
thesis introduces a rational strategy to develop more efficient and robust cathode materials by 
substituting monovalent cations in the lattice. This substitution improves ORR catalytic activity 
through in situ surface modification at intermediate temperatures.  
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Table 8-1: Summary of experimental chapters 4-7. 
Chapter Material Composition 














Alkali metals especially small ionic radii, Li, can be incorporated in the lattice 
at A-site. 
In-situ diffusion of alkali metals to the surface resulted the A-site cation 
deficiency in the bulk cathode. 
Cubic perovskite symmetry of cathode was achieved that tolerated with 5 
mol% cations deficiency in the bulk.     
Chemical stability and tolerance of tested cathodes towards CO2 poisoning 
significantly improved with the formation of alkali carbonates at the surface.  
Alkali metals doping accelerates the oxygen vacancy creation and improved 
the electrical conductivity of cathodes at higher temperatures.  
Electrocatalytic performance degradation of alkali doped cathode in CO2 










Thermal migration of small ionic Li species to the surface and create A-site 
cations deficiency. 
A low concentration of Li  5 mol% could bestow the perovskite with a stable 
cubic perovskite structure. However, further increase in Li substitution results 








In-situ diffusion of alkali metals to the surface that creates A-site cation 
deficiency. 
Alkali metals surface diffusion contributes towards the oxygen vacancy 
generation that enhance the electrocatalytic activity of cathode materials.   
Formation of molten carbonate at the surface enhances the performance of 
cathode materials in CO2 mixture and provides an extra oxide ionic 
conductivity pathway between electrode and electrolyte. 
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Core-Shell hybrid cathode is synthesized by solution infiltration method. 
The Ruddlesden-Popper phase, LNO and cubic perovskite S(LK)FNT 
backbone showed the excellent chemical compatibility.    
LNO infiltrated cathode enhanced the surface oxygen exchange kinetics and 
extended the active surface regions for oxygen adsorption and dissociation. 
In CO2-rich atmosphere, LNO coating shielded the S(LK)FNT backbone 
cathode against CO2 poisoning.  
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8.2 Recommendations for future work 
Based on the presented research, the following recommendations are drawn for future work:  
Enhanced electrocatalytic performance of monovalent-doped perovskite cathodes could be further 
improved by tailoring the electrode microstructure and architecture. The conventional solid-state 
reaction route for electrode synthesis required the high temperature (≥ 1000 °C) sintering that 
facilitates the particle agglomeration and results in loss of catalyst active sites for ORR activity. 
Therefore, sample synthesis routes need to be optimized to fabricate the nanosized perovskite 
cathodes that offer the extended active surface area for oxygen adsorption and dissociation. Some 
novel electrode fabrication methods such as solid-state reactive sintering, in situ co-assembly process 
and exsolution method, could be provide an effective way in synthesizing these nanosized 
microstructures 1-4.  
The formation of alkali carbonate at the surface is proved beneficial to enhance the conductivity of 
oxide ions, resulting ORR performance improvement at reduced temperatures. However, the effect 
of alkali carbonate decomposition on catalytic performance and crystal structural stability is further 
need to investigate.  
Infiltration, followed by microwave plasma treatment could be another effective strategy to optimize 
the electrode microstructure and to improve the electrode resistance for CO2 poisoning at intermediate 
temperatures 5. Specifically, a thin layer of infiltrating material covers the backbone electrode and 
protects it from CO2 poisoning and enhances the electrode ORR activity.   
For enhancing CO2 tolerance without compromising the ORR performance, alkaline earth-metals free 
perovskite oxides are gaining interest as potential next-generation electrodes for IT-SOFCs. However, 
challenges such as structural stability and understanding oxide ion diffusion mechanisms must be 
addressed to make these materials practically viable. The crystal structure architecture and electrode 
microstructure are trade-offs and it is imperative to optimize the electrode microstructure in actual 
cell operation.     
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